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Alternative DNA conformations have been known to exist since before the 
elucidation of the double helix. The study of alternative DNA conformations 
formed by telomeric sequences has led to detailed studies of biologically relevant 
DNA capable of forming unusual structxires. In order to understand the biological 
role of alternative DNA conformations formed by telomeric DNA, proteins which 
bind these structures have been identified and characterized. 
The initial portion of my research involved the identification of a protein 
firom Tetrahymena thermophila which binds preferentially to paraUel-stranded G-
quartet structures. Competition and binding assays demonstrated that the 
protein, TGP (Tetrahymena G4 binding protein), binds to parallel Gr-DNA 
structures but not to antiparallel G-DNA structures or to non-G-DNA duplexes 
and single stranded oligonucleotides. 
This initial identification and characterization was followed up by attempts 
to purify TGP. Cation exchange and Y4-affinity chromatography partially purified 
two proteins (83 and 50 kDa) that coelute with peak TGP activity. UV cross-
Unking analysis confirmed the involvement of the 83 kDa protein as a main 




The following introduction will provide an overview of unusual DNA 
structures and the proteins which bind these structures. The overview addresses 
the overall goal of determining the biological function of unusual DNA structures 
and G-DNA binding proteins. The main body of the dissertation following the 
introduction is composed of two papers. The first of these two papers has been 
published in Biochemistry and the second is a manuscript in preparation and 
discusses my efforts to purify and characterize the protein identified in the first 
paper. In addition, a paper published in Molecular and Cellular Biology in which I 
conducted initial studies which were followed by Hong Sheng is included in 
Appendix A. In particular, I designed the DNA probe (one that mimics the natural 
end of the telomere) that was successful in identifying TEP whereas two previous 
attempts by others were unsuccessfiil. The conclusion found after the second 
paper summarizes the results of my research and relates the results to the 
overall goal of determining the biological relevance of my research. Research 
topics worthy of fiarther investigation are also addressed in the conclusion. 
References for the introduction and conclusion are cited after the conclusion. 
I am the first author on both papers included in the main body of the 
dissertation and I completed all (first paper) or most of the work described. In 
paper 2,1 used a gel filtration and an S-Sepharose column poured by Zhen Hou. 
In addition, Luming Niu assisted me in the calibration of the gel filtration column 
and Biorex 70 chromatography. 
Unusual DNA structures and 6-DNA nomenclature 
It has been known for many years that DNA is capable of adopting more 
than one conformation. Fiber diffraction studies showed that hydrated DNA 
adopted a different conformation (B-DNA) than dehydrated DNA (A-DNA) even 
before the double helix model of DNA was understood (Rich, 1993). In subsequent 
years, it was shown that DNA can adopt a triple helix (Felsenfeld, 1957; 
Hoogsteen, 1963), a quadruple helix (Grellert et al., 1962; Kang et al., 1992) and a 
left-handed helix (Wang, 1979) and parallel-stranded duplexes (Rippe et al., 1992). 
The main structural feature of quadruple helixes formed by guanine-rich 
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sequences, the G-quartet, was first proposed by Gellert et al. (1962). The G-
quartet is a cyclic, hydrogen-bonded array (Figure 1) in which each guanine is 
hydrogen bonded on both the Hoogsteen face and the Watson-Crick face. It was 
the only model sufficient to explain the remarkable stabiHty of the gels formed by 
guanylic acid (GMP) (Grellert et al., 1962). It was also predicted that the G-
quartets would stack upon one another in DNA structxires since their large planar 
surfaces would result in strong van der Waals attractions. 
DNA structures containing G-quartets are generally referred to as G-DNA. 
If the structure contains four independent parallel strands, it is referred to as G4-
DNA (Sen & Gilbert, 1990). When referring to the stoichiometry of a G-DNA 
complex, the terms monomer, dimer and tetramer are used to describe structures 
mediated by one, two and four molecules respectively. However, tetraplex and 
quadruplex are terms used to describe the number of bases involved in mediating 
formation of the structure. Thus, aU G-quartet structures can be referred to as 
H 
Figure 1. a G-quartet 
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tetraplexes or quadruplexes. For example, the intramolecular structure formed by 
d(T2G4)4 (Figure 3) is referred to as a monomeric quadruplex. 
Telomeric G-DNA structures 
Interest in the study of G-quartet structures has increased dramatically in 
recent years since it was discovered that biologically relevant DNA sequences 
such as telomeres (Henderson et al., 1987) and immunoglobulin switch regions 
(Sen & Gilbert, 1988) form imusual DNA structures. Since that time, several 
different G-rich DNA or RNA sequences having potential biological roles have 
been tested for their ability to form G-DNA or G-RNA structures. HIV genomic 
RNA and the fragile X d(CGG)n repeats are two recent examples which will be 
discussed below. 
Structxaral studies involving telomeric sequences far outnumber studies 
performed on sequences from non-telomeric locations. Telomeric sequences have 
important features which are conserved across a wide range of species from 
humans to single-celled eukaryotes (Figure 2, reviewed by Blackburn & Szostak, 
1984). It was later shown that these conserved features, namely repetitive 
blocks of contiguous guanines separated by blocks of sequence usually rich in 
thymine, are important for structure formation (Figure 2). Over 30 different 
telomeric oligonucleotides have now been examined for their structural 
characteristics. The first study to find that telomeric ohgonucleotides form 
unusual DNA structures was in 1987 (Henderson et al., 1987). Non-denaturing 
gels were used to show that telomeric oligonucleotides form compact structures 
which migrate anomolously compared to imstructured oligonucleotides. In 
addition, NMR evidence suggested that guanine-guanine base-pairs mediated 
formation of these compact structures. 
lAACCCC® 
TTGGGGTTGGGGTTGGGG 3' 
Repetitive, G-blocl<ed sequences 
Figure 2. Conserved features of telomeric sequences that influence structvire 
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The initial study by Henderson et al. (1987) was followed up by dozens of 
subsequent structural studies of different telomeric oligonucleotides including two 
X-ray crystal structures (Kang et al., 1992; Laughlan et al., 1994) and several 
NMR studies (Smith & Feigon, 1992; Smith & Feigon, 1993; Aboul-ela et al., 1992; 
Wang & Patel, 1992; Wang & Patel, 1993; Gupta et al., 1993. The first follow-up 
studies used DMS (dimethylsulfate) protection assays to show that the N-7 of 
each guanine was protected from methylation indicating their involvement in 
Hoogsteen base-pairs (Williamson et al., 1989; Simdquist & Klug, 1989; Sen & 
Gilbert, 1990). The finding of Hoogsteen base-pairs between G's led to the 
proposal of the G-quartet model for telomeric DNA structtxres in which G-quartets 
are stacked upon each other and stabilized by monovalent cations coordinated 
between the G-quartet planes (Figure 3; Williamson et al., 1989). This model was 
later confirmed by X-ray crystallography (Kang et al., 1992; Laughlan et al., 
1994). 
monomer dimer tetramer 
Tetraplex / Quadruplex Structures 
Figure 3. G-tetraplex structural diversity 
Subsequent studies showed that important features of telomeric sequences 
which influence the structure formed include the number of contiguous guanines 
and the number of thymines. It was determined that G-quartets cannot exist in 
isolation from other qusirtets and therefore at least two contiguous guanines are 
necessary for the formation of G-quartet structures in sequences containing at 
least two blocks of guanines (Jin et al., 1990). Sequences having only one block of 
guanines need at least three contiguoios G's to form intermolecular G-quartet 
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structures (Sen & Gilbert, 1992). In addition, the number of T's between the 
blocks of guanines determines whether the structure will be an antiparallel hairpin 
dimer or a parallel-stranded tetramer when sequences contain at least 2 blocks of 
guanines (Balaguruinoorthy et al,, 1992; Guo et al., 1993). At least two T's are 
necessary to allow formation of a hairpin foldback dimer in sequences with two 
telomeric repeats. If only one T is present between the G-blocks, the structure 
formed is a parallel-stranded tetramer (Balagurumoorthy et al., 1992; Guo et al., 
1993). 
Parallel vs Antiparallel Telomeric G-DNA 
All paraUel-stranded G-quartet structures studied to date are right-handed 
hehces with entirely anti glycosidic conformations. The NMR solution structiare of 
five different single G-block molecules has been determined. These molecules 
include dT4G4 (Gupta et al., 1993; Oxytricha telomeric repeat), dTG4T (Aboul-ela 
et al., 1992), dT2G4T (Wang & Patel, 1993), T2G4 (Wang & Patel, 1992; 
Tetrahymena telomeric repeat), and T2AG3 (Wang & Patel, 1992; human 
telomeric repeat). They differ only in the number of T's flanking the G-block 
except for the human telomeric repeat which contains an adenine. In each 
structure, each of the guanines is involved in G-quartets which are stacked upon 
one another. The thymine residues do not form quartets and only the T layer 
closest to the G-quartet region is influenced by stacking interactions (Gupta et al., 
1993; Wang & Patel, 1993). However, the number of flanking T's does influence 
the stability of single G-block structures. Increasing the number of T's adjacent to 
the G-block results in a corresponding decrease in Tm (Guo et al., 1993). 
Antiparallel G-DNA structures are characterized by alternating syn and 
anti glycosidic conformations along each strand in the quadruplex (Kang et al., 
1992; Smith and Feigon, 1992). Geometric restraints require two adjacent 
strands in a quadruplex to have opposite glycosidic conformations if the strands 
are antiparallel as is the case in a hairpin dimer structure (Williamson, 1993). T's 
form the loop portion of hairpin dimers and intramolecular quadruplexes (Figure 3). 
If the number of T's between the G-blocks is less than two, a loop cannot be 
formed and the molecule will form a parallel-stranded structure (Balagurumoorthy 
et al., 1992; (Guo et al., 1993). 
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Direct comparison of the stability of parallel verses antiparallel structures 
was not possible without taking the different subunit stoiciometries of the 
complexes into consideration (antiparallel hairpin dimer vs parallel tetramer). To 
address this problem, Lu et al. (1993) connected two dT2G4 molecules using a 5'-
p-5' UrJiage to create a parallel-stranded hairpin dimer to compare directly to the 
antiparallel hairpin dimer formed by G4T4G4. This study revealed that the 
parallel-stranded structvire is thermodynamically more stable having a Tm 
almost 200c higher than the antiparallel structure (Lu et al., 1993). Thus, the 
parallel-stranded form is the most stable structure for telomeric DNA. 
Telomeric C-strand structures 
In addition to the G-rich strand of the telomere, cytosine-rich telomeric 
sequences have recently been shown to adopt quadruplex structures via self 
recognition (Ahmed & Henderson, 1992; Gehring et al., 1993). Both the NMR 
solution structxire of TC5 (Gehring et al., 1993) and the X-ray crystal structure of 
C4 (Chen et al., 1994) agree in their major features. Cytosine quadruplexes 
formed by molecules having a single block of C's are mediated by C-C+ base-pairs 
instead of base-quartets. Low pH is necessary to stabilize C-tetraplexes because 
one of the C's involved in C-C+ base-pair is protonated (Figure 4a, Ahmed & 
Henderson, 1992). The quadruplex is formed by the intercalation of 2 parallel-
stranded duplexes. Although the strands of a duplex involved in a base-pairing 
arrangement are parallel, the two intercalated duplexes run antiparallel to each 
other (Figure 4b; Gehring et al., 1993; Chen et al., 1994). 
Figure 4. a. C-C+ base pair b. C-quadruplex formed by dTCs. 
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The ability of both telomeric strands to form structiires mediated by self 
recognition suggests that both strands may participate in celliilar processes in 
which alternative DNA structures have been impUcated such as meiotic 
chromosome pairing (Sen & Gilbert, 1988), control of gene expression (Smith et 
al., 1989), and recombination (White et al., 1993). The biological relevance of 
alternative DNA structures will be discussed in more detail below. 
Role of cations in G-quartet structures 
Several studies have demonstrated the importance of monovalent cations 
for formation of G-quartet structures. All telomeric DNA structures formed in the 
presence of K+ or Na+ have been found to be mediated by G-quartets. Only in the 
presence of Li+ is a simple hairpin foldback formed lacking G-quartets (Choi & 
Choi, 1994). K"'" and Na+ are thought to stabilize G-quartet structures by 
coordinating the 8 carbonyl oxygens in the quartets above and below the cavity 
where the cation rests (Stmdquist and Klug, 1989). Although both K+ and Na+ 
mediate formation of G-DNA structures, there are significant differences in the 
structural characteristics and stability of G-DNA formed in K+ verses those 
formed in Na+. K+ provides almost 20 ^C greater thermal stability compared to 
Na"*" (Jin et al., 1992; Hardin et al., 1991; Xu et al., 1993). The enhanced thermal 
stabihty provided by K+ correlates with the preferential binding of K+ at specific 
sites on G-DNA quadruplexes (Xu et aL, 1993). In addition, different structures 
are formed in K+ and Na+ by the same molecule (Guo et aL, 1993). In Na+, two-
repeat telomeric oHgonucleotides adopted CD spectra characteristic of antiparallel 
quadruplexes while those formed in K+ adopted the spectra of a parallel-stranded 
quadruplex (Guo et aL, 1993). 
Divalent cations such as Sr2+ and Ba2+ have also been shown to facilitate 
formation of G-DNA structures but at concentrations 100 fold less than their 
monovalent cotmterparts (10 mM vs 1M; Venczel & Sen, 1993). Furthermore, 
concentrations of Mg2+ in the physiological range (5-10 mM) facihtate formation 
of these structures (Zahler et al., 1991; Schierer & Henderson, 1994). In support 
of the important role of Mg2+, it was clearly shown to affect the assembly of a 
novel G-DNA structure termed G-wires. G-wires grow up to 5x longer in 
Na+/Mg2+ than in Na+ or K+ alone (Marsh et al., 1995). Concentrations of K+ 
and Na+ needed for formation of G-DNA structures (1 mM for K+; 100 mM for 
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Na+) are also within the physiological range. The ability of G-DNA structures to 
form in physiological salt concentrations supports the possibility of their existence 
in vivo. 
G-DNA binding proteins and possible biological roles 
Two approaches have been attempted to address the biological significance 
of G-DNA structiores. One approach involves maMng antibodies against Gr-
quartet structures and using these antibodies to detect G-quartet structures in 
vivo as has been done with Z-DNA (Wittig et al., 1989; Rahmouni & Wells, 1989). 
So far, this approach has been unsuccessful (Charles Hardin, Department of 
Biochemistry, North Carolina State University, Raleigh, North CaroUna 27695). 
The second approach involves the identification and characterization of proteins 
which bind to G-DNA structures. This is the approach taken in my research and 
by several other labs. At least 8 different proteins have been identified in a 
variety of organisms which bind to a variety of G-DNA structures. Among these, 
the strongest functional evidence comes from a yeast nuclease which binds to a 
parallel-streinded G-DNA structvire (Liu et al., 1993). A homozygous deletion of 
the gene for this protein (KEM 1) blocks meiosis at the 4N stage. FACS 
(Fluorescence Activated Cell Sorting) analysis revealed that the mutants 
underwent premeiotic DNA synthesis but arrested before spore wall formation 
(Tishkoff et aL, 1991). The KEM 1 protein also has strand exchange activity 
(Kolodner et al., 1987). Taken together, these results suggest a role for KEM 1 in 
meiotic recombination. 
On the basis of the phenotypes described above, Liu and Gilbert (Liu & 
Gilbert, 1994) proposed a model for the involvement of the KEM 1 protein in 
meiotic recombination. They propose that a parallel-stranded G4-DNA structure 
is formed by the G-rich strands of the bivalent and bound by the KEM 1 protein. 
The nuclease activity of KEM 1 then cleaves strands to be recombined and the 
strand exchange activity follows to transfer chromosomal segments between 
homologues. The proposed model may be the mechanism responsible for 
recombination of G-rich sequences such as telomeres and immunoglobulin switch 
regions. In support of the proposal that G4-DNA structures have a role in meiotic 
recombination, telomeric sequences have been foimd to strongly stimulate meiotic 
recombination (White et al., 1993). Ftirthermore, RAP 1, which has been shown 
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to bind telomeres in vivo (Conrad et al., 1990) and G-DNA structxires (Giraldo & 
Rhodes, 1994), stimulates meiotic recombination (White et al., 1991). 
Once antibodies to the KEM 1 protein are made, cjrtological studies can be 
performed to test whether this protein is associated with the synaptonemal 
complex during meiosis. Furthermore, antibodies to this protein may be useful in 
disrupting meiotic recombination in wild type cells. Evidence such as this will 
strongly support the involvement of the KEM 1 protein in meiosis. 
G-DNA binding proteins can be divided into 3 categories: 1) Proteins 
identified on the basis of their abihty to bind G-DNA 2) Previously characterized 
proteins tested for their abihty to bind Gr-DNA 3) Proteins which promote the 
formation of G-DNA structures. TGP {Tetrahymena G4 binding protein), 
described in chapters 1 and 2, falls into the first category. Other proteins from the 
first category include QUAD, a hepatocyte chromatin protein (Weisman-Shomer 
& Fry, 1993) and the KEM 1 protein (Liu et al., 1993). The genes for TGP and 
QUAD have not yet been identified. Characterization of their biological function 
may be more directly addressed once the purified proteins are further 
characterized, the genes cloned and antibodies to the purified proteins are 
generated. A clue to the biological role of TGP may be provided by its preference 
for binding G-DNA molecules having a long single stranded tail adjacent to the G-
quartet region (Schierer & Henderson, 1994). The single strand binding property 
allows TGP to fit into the model described for the KEM 1 protein's involvement in 
meiotic recombination described above. 
Several proteins also fall into the second category including topoisomerase 
II, Mf3 (an avian protein), RAP 1 and macrophage scavenger receptors. 
Topoisomerase II purified fi'om chicken was shown to bind G4-DNA structures 
formed by the immunoglobtdin switch region sequences (Chimg et al., 1992). In 
addition, topoisomerase 11 has been impUcated in recombination due to its high 
reactivity toward an alternating purine-pyrimidine sequence which functions as a 
recombination hot spot in the P-globin gene (Spitzner et al., 1989). Thus, 
topoisomerase II, RAP 1, and the KEM 1 protein all have potential roles in meiotic 
recombination and each of them binds to G4-DNA suggesting that G-DNA 
structures have a role in meiotic recombination as weU. 
RAP 1 is a multifunctional yeast protein fovmd to bind to G-DNA and 
promote its formation. RAP 1 promotes the formation of parallel-stranded G4-
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DNA rather than antiparallel G-DNA even though it binds to preformed 
structures of both types (Giraldo et al., 1994). One model suggests that RAP 1 
promotes formation of G4-DNA by acting as a surface which brings together the 
G-strands thereby increasing their local concentration (Giraldo et al., 1994). 
Several G-DNA binding proteins have basic domains which may serve as the 
surface which brings the G-strands together (Fang & Cech, 1993). RAP 1 has 
also been found to stimulate meiotic recombination at the HIS4 locus in yeast 
(White et al., 1991). A mutation in the RAP 1 binding site which eUminates RAP 1 
binding reduced the frequency of meiotic crossing over (White et al., 1991). 
RAP 1 in conjunction with the KEM 1 protein could cany out formation of 
G4-DNA and recombination of G-rich sequences during meiosis. Since KEM 1 only 
binds G4-DNA and does not promote its formation, RAP 1 would be responsible for 
the initial formation of G4-DNA upon which KEM 1 acts (KEM 1 model already 
discussed above). Another possible function of RAP 1 involves mediating 
telomere-telomere associations. In support of this possibiUty, it was found that 
yeast telomeres acquire single-stranded overhangs in late S phase and these 
overhangs mediate telomere-telomere pairing in vivo (Wellinger et al., 1993). 
Telomere-telomere association could then provide a topological constraint for 
modulating chromatin structiare and gene expression. Further constraints could 
be provided by anchoring telomeres in the nuclear matrix. In support of this, 
telomeric sequences have been shown to be botmd to nuclear matrix components 
(de Lange, 1992). 
The third category of G-DNA binding proteins currently consists of RAP 1 
(discussed above) and the P subimit of the Oxytricha end-binding protein. The 
work of Fang and Cech (1993a) demonstrated that the P subunit of the Oxytricha 
telomeric end-binding complex promotes the formation of both parallel and 
antiparallel G-quartet structures. The rate constant for G-quartet structure 
formation in the presence of the P subunit was 10^ fold higher than the rate 
constant for G-quartet formation in the absence of the P subunit (Fang & Cech, 
1993b). Thus, the P subunit acts as a molecular chaperone for nucleic acid 
structure since it facilitates the folding of a DNA structure without remaining 
bound to the substrate. This chaperone function differs from RAP 1 since RAP 1 
remains bound to G-DNA structures. In the model proposed by Liu and Gilbert 
(Liu & Gilbert, 1994), the P subunit coxild facilitate formation of the G4-DNA 
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structure diuing meiotic recombination since the KEM 1 protein has not been 
shown to perform this function. The biological relevance of the G-DNA binding 
capability of the remaining proteins mentioned above (Mf3 and macrophage 
scavenger receptors) is not clear. 
Non-telomeric G-DNA of biological importance 
Several non-telomeric sequences of biological importance containing blocks 
of guanines have been examined for their ability to form G-quartet structures. 
These include immunoglobulin switch regions and FMR1 (fragile X gene). 
Sequences from the immunoglobulin switch regions were shown to form a four-
stranded, G-quartet structure (Sen & Gilbert, 1988). Such a structure may have 
a role in the recombination of these sequences during differentiation of B 
lymphocytes to plasma cells. As mentioned above, proteins linked to 
recombination events bind to G-DNA structures (RAP 1 and topoisomerase II). 
The (CGG)ii repeats of the fragile X locus have also been found to form G-
quartet structures. The expansion of these repeats to more than 200 compared 
with 30-175 repeats in normal individual and carriers is correlated with the fragile 
X mental retardation phenotype (Hansen et al., 1993). The FMR 1 gene is not 
expressed in fi-agile X patients (Pieretti et al., 1991) and its replication is delayed 
to the G2/M transition of the cell cycle compared with S phase replication in 
normal males (Hansen et al., 1993). In addition, the 5' region of the gene is 
methylated in fragile X patients and methylation of cytosine residues of the 
(CGG)n repeats has been shown to stabilize the G-quartet structures formed by 
these repeats (Fry & Loeb, 1994; Hardin et al., 1993). The correlation of repeat 
expansion and FMR 1 methylation with stabiUzation of G-quartet structures 
formed by these sequences suggests that G-quartet structures may help regulate 
delayed replication and transcriptionzil silencing observed at the FMR 1 locus. 
Another medically important appUcation of G-DNA research stems from 
the discovery of a G-DNA aptamer which inhibits thrombin (Bock et al., 1992). 
The aptamer, d(GGTTGGTGTGGTTGG), was shown to form an antiparallel 
quadruplex structure (Macaya et al., 1993; Wang et al., 1993). Inhibition of 
thrombin is desired when anticoagulation is needed such as during cardiovascular 
surgery and to treat vascTilar diseases such as myocardial infarction and cerebral 
infarction (Wang et al., 1993). Heparin is the most widely used anticoagulant, but 
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its long lifetime in the blood makes it difiScult to reverse its anticoagulation 
activity. The G-DNA aptamer will Ukely have a shorter lifetime in the blood and 
less severe side effects than heparin (Wang et al., 1993). 
G-rich sequences capable of forming G-DNA structures have been found in 
promoter elements (Pears & Williams, 1988; Nickol & Felsenfeld, 1983; Murchie 
& Lilley, 1992), but it is not clear if their abiUty to form structure has biological 
significance. In addition, codon 12 of the htmian ras gene has G-rich regions which 
were shown to be capable of forming G-quartet structures (Smith et al., 1989). 
The authors suggest that G-quartet structures may serve as a signal for DNA 
methylation since methyltransferase is stimulated by structural changes near a 
d(pCG) site (Smith et al., 1989). 
G-quartet structures are formed by HIV genomic RNA 
RNA sequences with blocks of contiguous guanines have been shown to 
form four-stranded, G-quartet structures. The sequence UG4U was shown to be a 
parallel-stranded tetramer by NMR analysis (Cheong & Moore, 1992). The 
sequence of the RNA genome of HIV-l contains regions of contiguous guanines 
similar to those previously shown to mediate G-quartet structures. Mature 
retroviral virions contain two copies of their single-stranded RNA genomes which 
associate within an RNA-gag protein complex. This dimerization of the two copies 
of genomic RNA is an important step in the HIV-l life cycle that appears to 
negatively regulate translation and positively regulate encapsidation (Marquet et 
al., 1991). 
The mechanism which mediates RNA genome dimerization is not known, 
but several lines of evidence suggest that the dimer is mediated by G-quartets. 
The RNA genomes dimerize in vitro in the absence of protein leading to the 
speculation that dimerization occurs primarily through direct RNA-RNA 
interactions (Marquet et al., 1991). It was further shown that cation stabilization 
of the RNA dimer follows the same order as that obtained for G-quartet structures 
(K+ > Na+ > Li+ > Cs+; (Sundquist & Heaphy, 1993). Finally, DMS treatment of 
the dimer revealed that two blocks of guanines in the region essential for 
dimerization were protected from methylation (Awang & Sen, 1993). 
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Telomeric G^DNA superstructures 
In addition to the G-quartet structures ah-eady mentioned, telomeric 
oligonucleotides are able to form large superstructures. The formation of these 
superstructures is dependent on the availability of free 3' or 5' guanine. If thymine 
is located on the 3' or 5' end of the oligonucleotides mentioned above, 
superstructures do not form (Sen & Gilbert, 1992). The oligonucleotides dTgGs or 
dG3T9 formed higher order structures in multiples of four strands on 
nondenaturing gels demonstrating that G-quartet-based tetramers assemble end 
to end to form these structures (Sen & Gilbert, 1992). The arrangement of 
individual strands in G-DNA superstructures is out-of-register. Methylation 
protection of only the center G in T12G3 confirmed the out-of-register ahgnment 
(Sen & Gilbert, 1992). Similar to the study by Sen and Gilbert (1992), 
superstructures were also obtained with dT4G4 but not with dT4G4T (Lu et al., 
1992). 
Marsh and Henderson (1994) extended superstructure studies by Sen and 
Gilbert to show the large growth potential of G-DNA superstmctures. By imaging 
superstructures formed by d(G4T2G4) with the atomic force microscope (AFM), it 
was shown that superstructures up to one micrometer in length can be formed 
(Marsh et al., 1995). Growth of G-wires was affected by the cationic environment, 
incubation temperature, DNA concentration, and duration of the incubation. The 
longest G-wires obtained were incubated in 50 mM Na+, 50 mM Tris-HCl pH 7.5, 
and 10 mM Mg2+ at 37 for 12-24 hoiars (Marsh et al., 1995). 
The biological relevance of G-DNA superstructures is not clear. Their 
existence in the cell is possible since telomeric overhangs in vivo have terminal 
guanines (Henderson & Blackburn, 1989) instead of terminal thymines, and 
superstructures can assemble in physiological salt conditions (Marsh & 
Henderson, 1994). The significance of G-DNA superstructxires may become more 
clearly estabhshed in a non-biological context by their use in nanotechnology 
apphcations. The large size of G-wires and the abihty of nucleic acids to be 
modified with fimctional moieties enhance the potential of G-wires for use as 
scaffolds for nanostructure design and construction (Marsh et al., 1995). 
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Atomic Force Microscopy of G-DNA/protein complexes 
The atomic force microscope provides images of the topological features of 
biological samples by translating the movement of a cantilever probe in contact 
with the sample into a visual image of the surface. The first AFM images of G-
DNA structxires were obtained by Marsh et al. (1995). The telomeric 
oligonucleotide G4T2G4 was used for these studies because it forms large, 
multimeric superstructures termed G-wires. The sample height of G-wires is two 
to three fold higher than double-strEinded plasmid DNA, but the difference in 
diameter between G-wires and B-DNA predicted from X-ray crystallographic 
studies is much less (1.4 fold). Thus, G-wires appear to be more resistant to 
compression during AFM sample preparation and imaging than double-stranded 
DNA (Marsh et al., 1995), 
Due to their size stabiUty in AFM studies, G-wires provide a good model 
system for studying DNA-protein interactions in the AFM. Mobility shift assays 
demonstrated that G-wires are boimd by TGP (Schierer & Henderson, 1994). 
AFM images of G-DNA/protein complexes were obtained after partial purification 
of TGP. These provide the first images of G-DNA/protein complexes. Further 
AFM studies using the TGP/G-wire system in solution may provide images of real 
time binding and release of G-DNA/protein complexes, as well as subunit 
stoichiometiy, mode of binding and the effect of protein binding on DNA structure. 
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ABSTRACT 
G4-DNA is a parallel, four-stranded structure mediated by tetrads of 
hydrogen-bonded guanines (G-quartets). An abundant protein called Tetrahymena 
G4 binding protein (TGP) that binds to an intermolectdar, quadruplex form of 
d(TTGGGGTTGrGGGTTGGGGTTGGGG) imder physiological salt conditions has 
been identified in cellular extracts from the ciliated protozoan Tetrahymena 
thermophila. In binding competition experiments, molecules capable of forming 
G4 structTires compete for binding to TGP, but non-G4 forming molectdes and 
r(U2G4)4 do not. TGP binding also requires a single-stranded region adjacent to 
the G4 structure. During the course of this study, it was determined that Mg2+ 
facilitates the formation of parallel-stranded G4-DNA structures and that high 
oUgonucleotide concentrations are not required to drive formation of these 
structures. In addition, G4-DNA and TGP/G4-DNA complexes form readily under 
physiological salt conditions. These data support the proposal that G4-DNA 
structures exist in vivo. 
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INTRODUCTION 
Most telomeric DNA consists of simple repetitive sequences containing 
blocks of G/C base pairs with an asymmetric distribution of guanine on one 
strand (G-strand) and cytosine on the other (C-strand) (reviewed by Blackburn 
& Szostak, 1984). The G-strand extends approximately 12-16 nucleotides 
beyond the end of G/C duplex, forming a 3' overhang in organisms where this has 
been studied (Klobutcher et al., 1981; Pluta et al., 1982; Henderson & 
Blackburn, 1989). Synthetic oligonucleotides containing telomeric G-strand 
sequences are able to form unusual structures mediated by a cyclic hydrogen-
bonded arrays of guanines (G-quartets) (reviewed by Sundquist, 1991; 
Wilhamson et al., 1989; Sundquist & Klug, 1989; Kang et al., 1992; Smith and 
Feigon, 1992). These structures include antiparallel, intramolecular quadruplex 
(G'2-DNA) (Henderson et al., 1987; Williamson et al., 1989; Sen & Gilbert, 1990; 
Jin et al., 1990; Kang et al., 1992) and parallel-stranded intermolecular 
quadruplex (G4-DNA) structures (Zimmerman et al., 1975; Sen & Gilbert, 1990; 
Jin et al., 1992; Aboul-ela et al., 1992; Gupta et al., 1993). 
Intramolecular G-DNA structures migrate faster than Unear forms of the 
same length in non-denaturing gels (Henderson et al., 1987; Williamson et al., 
1989) while intermolecular structiores migrate more slowly (Sen & Gilbert, 1990; 
Acevedo et al., 1991; Sundquist & Klug, 1989). The eqinlibriimi between these 
structures is cation and concentration dependent, and the formation of the less 
favored antiparallel G'2-DNA (Sen & Gilbert, 1990) verses parallel-stranded G4-
DNA is stabilized by the presence of particular monovalent (K+ > Rb+ > Na+ > 
Cs+ > Li+) and divalent cations (Sr2+ > Ba2+ > Ca2+ > Mg2+) and high 
oligonucleotide concentration (Venczel & Sen, 1993). A recent study 
demonstrated that divalent cations stabiUze G-DNA structures at a 
concentration of 10 mM whereas 1M monovalent cation concentrations are 
needed to produce the same effect (Venczel & Sen, 1993). Once formed, 
intermolecular quadruplex structures are exceedingly stable and recalcitrant to 
hybridization with complementary C-rich strands (Raghuraman & Cech, 1990; 
Hardin et al., 1991). 
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Along with telomeiic DNA, a variety of biologically relevant G-rich DNA 
sequences have been identified, including immunoglobulin switch regions (Sen & 
Gilbert, 1988), recombination hot spots (Hastie & Allshire, 1989) and gene 
regulatory regions (Nickol & Felsenfeld, 1983; Pears & Williams, 1988). G4-
RNA has also been studied in detail and shown to form structures based upon G-
quartets (Cheong & Moore, 1992). G-RNA can mediate dimerization of the HIV 
genome in vitro (Marquet et al., 1991; Sundquist & Heaphy, 1993). These 
examples support the idea that G-DNA/RNA structures may have important 
roles in the cell including telomere fiinction (reviewed by Blackburn, 1991), 
meiotic chromosome pairing (Sen & Gilbert, 1988), HIV genome dimerization 
(Marquet et al., 1991; Simdquist & Heaphy, 1993), and promoter function 
(Walsh & Gualberto, 1992). 
The exact biological role of G-DNA structures is not clear in any organism. 
Intramolecular foldback structures formed by d(T4G4)4 (Oxy 4) inhibit the 
activity of Oxytricha telomerase (Zahler et al., 1991), an enzyme that adds 
telomeric repeats to the 3' end of the chromosome (Grieder & Blackburn, 1985; 
Zahler & Prescott, 1988). Thebsubunit of the Oxytricha telomeric end binding 
protein has recently been reported to catalyze the formation of G-quartet 
structures (Fang & Cech, 1993) suggesting that G-DNA may have a regulatory 
role in telomere rephcation. In addition, a variety of proteins have been reported 
to bind G4-DNA. Chick topoisomerase II (Chtmg et al., 1992), a yeast nuclease 
(Liu et al., 1993), MyoD (a transcription factor that regulates myogenesis) 
(Walsh & Gualberto, 1992), a hepatocyte chromatin protein (QUAD, Weisman-
Shomer & Fry, 1993) and macrophage scavenger receptors (Pearson et al., 
1993) all bind G4-DNA and suggest potential roles for G-DNA/protein complexes. 
We report here the identification and characterization of an abundant G-
DNA binding activity fi:om Tetrahymena thermophila. This protein, designated 
Tetrahymena G4 binding protein (TGP) binds an intermolecular quadruplex 
stnicture. An extensive comparison of different G4-DNA molecules as 
substrates for TGP is presented. It is shown that parallel-stranded G4-DNA is 
preferred over antiparallel quartet structures. The identification of this G4 
binding protein lends fiorther support to the proposal that G4-DNA exists in vivo 
and may play an important role in the cell. 
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MATERIALS AND METHODS 
Tetrahymena strains and cell culture. Tetrahymena thermophila strain C3 
V was grown using a rotary shaker at 30°C in 2% PPYS (2% proteose peptone, 
0.2% Yeast extract, and 0.003% sequestrine) to mid-log phase (2.5 X10^ 
cells/ml). 
Extract preparation. Tetrahymena whole cell extracts were prepared 
according to the procedure of Greider and Blackburn (1987) except that the cells 
were not mated. Furthermore, double distilled H2O was substituted for diethyl 
pyrocarbonate-treated H2O and 10 mM Tris-HCl (pH 7.5) was substituted for 
Dryls for cell washes. Briefly, cells at mid-log phase were harvested by 
centrifugation at 5K rpm for 5 minutes (Sorvall GSA rotor, 4oC) and washed 
twice with a 20-50x volume of cold 10 mM Tris-HCl (pH 7.5). Cell pellets were 
then resuspended in a 5x volume of TMG buffer (10 mM Tris-HCl pH 7.5, 1 mM 
MgCl2, 10% glycerol, 10 mM 2-mercaptoethanol) and 1/10 volume of 2% NP-40 
was added immediately. Cells were lysed by shaking on a Fisher Genie 2 
vortexer (setting 4) for 30' at 4 ^C. The cell lysate was centrifuged at 100,000 x 
g for 60 minutes at 4°C. The supernatant, termed S-100 cell extract, was 
aHquoted and frozen quickly with liquid nitrogen. The final protein concentration 
was tjrpically 2.5 mg/ml in TMG buffer. The protease inhibitors leupeptin (.01 
mM), pepstatin (.01 mM), and Pefabloc (.1 mM) (Boehringer Mannheim) were 
included in all solutions. Without the addition of leupeptin, TGP still boimd to Tet 
4 multimers, but the complex migrated below the 517 bp marker indicating that 
the protein had been cleaved by a protease (data not shown). Extracts can be 
thawed 3 times without any loss in TGP binding activity. 
DNA oligonucleotide synthesis, purification and 5' end radiolabeling. 
d(T2G4)4 DNA oligonucleotides were gel purified as previously described 
(Henderson et al., 1987). Briefly, DNA oUgonucleotides were synthesized on an 
Applied Biosystems DNA Sjnithesizer followed by deprotection. After boiling in 
IX TBE buffer (89 mM Tris-HCl; 89 mM boric acid; 1.5 mM disodiimi 
ethylenediamine tetraacetate (EDTA); pH 8.3) containing 80% formandde for 90 
seconds, the oligonucleotides were separated by electrophoresis through 20% 
polyacrylamide sequencing gels containing 7M urea and Ix TBE buffer. The 
desired species were identified by UV shadowing and excised from the gel. DNA 
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was eluted by shaking in TE buffer (10 mM Tris-HCl, pH 7.5, ImM EDTA) for 
12-16 hours at room temperature, and the eluted oligonucleotides were desalted 
over a Sep-Pak C18 column (Waters). Gel purified Tet 4 oligonucleotides were 5' 
end labeled as previously described (Henderson et al., 1987), The labeled Tet 4 
was then gel purified (12%, 7M urea PAGE) and desalted by CIS 
chromatography as above. 
Electrophoretic quadruplex assays. Oligos X and Y at a concentration of 1 
pmol/ml were boiled in the indicated salts in addition to 10 mM Tris-HCl (pH 7.5) 
and 4.5% glycerol and cooled 10' on ice to allow structure formation before 
loading an 8% polyaciylamide gel. Gels were run in O.Gx TBE at room 
temperature at 10 V/cm. 
Electrophoretic mobility retardation assays. For mobility retardation 
assays. 0.5 picomoles of 5' 32p.probe were boiled in the presence of 295 mM 
NaCl, 29 mM KCl, and 6 mM MgCl2,12 mM Tris-HCl (pH 7.5) and 5.3% glycerol 
and cooled on ice for at least 30' to allow the probe to form structure. Preformed 
Tet 1.5 multimers were not boiled. In Figure 2 (lanes 1, 2), formation of 
intermolecular Tet 4 structiore was prevented by boiling Tet 4 in 10 mM Tris-
HCl (pH 7.5) and 4.5% glycerol, but enough Na+ exists in the Tris buffer to allow 
formation of the intramolecular foldback monomer (Figure 2, lanes 1, 2). A 200 
fold molar excess of oligonucleotide d(T)24 was then added as a nonspecific 
competitor (5 pmol/ml final concentration) before adding 2 ml of diluted S-100 
extract (0.25 mg/ml) to produce a final reaction voltraie of 20 ml. The final probe 
concentration was 0.025 pmol/ml in all cases except XYa, XYb and XYc 
(0.04pmol/ml), and final concentrations in the binding reaction were 250 mM 
NaCl, 25 mM KCl, 5 mM MgCl2,10 mM Tris-HCl (pH 7.5), 5.5% glycerol, 1 mM 
2-mercaptoethanol and 0.02% NP-40. In competition assays, unlabeled 
competitors were boiled in the same salt concentrations as the probe and cooled 
on ice to allow separate structure formation of the competitor and probe before 
they were combined. Once probe and competitor were combined, a 200-fold 
molar excess of oHgonucleotide d(T)24 was then added as a nonspecific 
competitor (5 pmol/ml final concentration) before adding 0.5 mg of S-100 extract 
to produce a final reaction volimie of 20 ml. The final probe concentration was 
0.025 pmol/ml in all cases except with XYa, XYb and XYc (0.04pmol/ml). 
r(U2G4)4 binding and competition assays included 20U of RNasin (Promega). 
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Binding reactions were incubated on ice for 20 minutes and then loaded onto a 
8% non denaturing polyaciylamide gel in 0.6x TBE. Electrophoresis at 10 
volts/cm was carried out at room temperature until the bromophenol blue 
reached 3/4 the length of the gel. The gel was then dried and the bands were 
visualized by autoradiography and quantitated using a Phosphorlmager 
(Molecular Dynamics). 
UV cross-linking. Cross-linking of the multimeric Tet 4 species was 
performed in situ by exposing a wet 8% non-denaturing polyacrylamide gel 
containing the multimeric species to 254 nm UV light for 30 minutes on ice with 
the gel no more than 5 cm from the UV source. The gel was exposed to film to 
reveal the positions of the putative multimeric and monomeric species. Gel 
pieces containing putative multimeric or monomeric Tet 4 were then excised, 
placed into 1 ml TE buffer (pH 7.5) and shaken overnight to elute the DNA 
which was then purified on a C-18 (Waters) column. The purified DNA was 
mixed with an equal volume of 80% formamide/lx TBE and boiled 5 minutes 
before analysis by 7M urea-12% PAGE. 
RESULTS 
Characterization of multimeric and monomeric forms of Tet 4. The 
oligonucleotide d(T2G4)4 (Tet 4) was used as a probe to search for proteins that 
bind to G4-DNA. Its ability to form G4-DNA is demonstrated in Figure 1. Under 
non-denaturing conditions, slowly migrating Tet 4 species were reproducibly 
observed in addition to the species migrating to the expected position for Tet 4 
monomers (Figure lA). UV cross-Unking experiments demonstrated that the 
slow migrating structures are due to intermolecular associations of Tet 4. Under 
denaturing conditions without UV irradiation, both species migrate to the 
position expected for a 24 nucleotide long molecule (Figure IB, lanes 1,2). 
Following UV irradiation, at least three cross-linked complexes from the slow 
migrating band that have sizes much larger than the non-UV exposed species 
are observed (Figure IB, lane 4). Thus, the slow migrating form of Tet 4 is an 
intermolecular structure. 
A control ohgonucleotide d(ACTGTCGTACTTGATATGGGGGT) (ohgo Y, 
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Figure 1. Ifet 4 forms G4-DNA (A) 32P-labeled Tbt 4 oli^nucleotides were analyzed on a non-denaturing gel (ND-PAGE) 
and sepE^ted into monomeric (Mono) and multimeric (Mult) species. (B) Ifet 4 species fix)m a non-denatunng gel were cross-
linked with short-wave UV (=UV lanes 3 and 4X exdsea and run on a denaturing gel (D-PAGE) next to Ifet 4 monomers and 
multimers tlmt had not been «|posed to UV (-UV lanes 1 and 2). Only the multimeric Ifet 4 spmes formed cross-linked (lanes 
4 and 6) species having a size similar to the known tetramer Y4 in lane 8 (see Figure 3Afor oBgo Y sequence). As expected, Y 
monomers (lane 7) were unaffected by UV irradiation. d(T)24 Oane 5) was used as a marker to indicate the position of 
unstructured monomers. Ifet 4 intramolecular foldback monomers (Figure lA, *) run faster on denaturing gels ^ter cross-
linking (Figure IB, **). (C) Formation of G4-DNAis greatly fadlitatea by the presence of Mg2+ in addition to Na+ and K+. 
G4-DNAoligos X and Y were incubated in the presence of different combinations of cations indicated at the top in addition to 
10 mM IHs5lCl (pH 7.5). The 5 possible X-Y Four-stranded molecules are indicated at the left. 
N) 
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previously shown to form four-stranded structures (Sen & Gilbert, 1990). 
Following UV irradiation, only the Y tetramer (Figure IB, lane 8) formed cross-
hnked species. Y monomers (Figure IB, lane 7) migrated at the position 
expected for a 23-mer. Slow migrating forms of Tet 4 exposed to UV (Figure IB, 
lane 6) ran parallel to cross-linked Y quadruplexes. Thiis, we conclude that the 
Tet 4 multimers very likely consist of complexes of foiir separate strands. 
Formation of G-quartet structures has been shown to dependent on 
monovalent cation and DNA concentrations (Williamson et al., 1989; Sundquist 
& Klug, 1989; Sen & Gilbert, 1990; Hardin et al., 1991; Venczel & Sen, 1993). 
We found that the addition of 5 mM Mg2+ facihtated the formation of G4-DNA 
when 200 mM Na+ and 200 mM K+ were present (Figure IC, lanes 6, 7), but 
Mg2+ alone did not facihtate G4-DNA formation (Figure IC, lane 4). Monovalent 
cations alone (Figure IC, lanes 2, 3) were not as effective at promoting G4 
formation as Na+ plus Mg2+ (Figure, IC lane 6) and K+ plus Mg2+ (Figure IC, 
lane 7). The role of Mg2+ as a facihtator has been observed previously with the 
Oxy 4 intramolecular, antiparaUel quartet structure (Zahler et al., 1991). Zahler 
(1991) found the Tm of 4 in K+/Mg2+ to be 40 ^C higher than Oxy 4 in Mg2+ 
and 30 ^C higher than Ojqt 4 in Na+/Mg2+. This study shows that Mg2+ can also 
facilitate the formation of parallel-stranded G4-DNA. However, thermodynamic 
studies of Mg2+ as a facilitator of G4-DNA formation were not performed. Thus, 
it is possible that Mg2+ facilitates interconversion between forms, but that it 
actually destabilizes any given form. 
The salt conditions optimal for G4 formation determined in DNA assays 
(250 mM Na+, 25 mM K+, and 5 mM Mg2+) were used in subsequent binding and 
competition assays. In addition, physiological salt conditions (100 mM K+, 10 
mM Na+, and 5 mM Mg2+) supported the formation of intermolecular forms of 
Tet 4 indicating that formation of these structures in vivo is possible (Figure 2, 
lane 6). 
Previous studies have shown that high oligonucleotide concentrations 
facilitate the formation of G4-DNA (Sen & Gilbert, 1988,1990). Therefore, it 
was sxirprising to find that X and Y formed G4-DNA at concentrations 250-fold 
more dilute (0.004 mg/ml, Figure IC) than the conditions used by Sen and Gilbert 
(1990) (1 mg/ml) indicating that concentrations over 1 mg/ml are not necessary 
to drive formation of G4-DNA. 
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In addition to the intennolecular Tet 4 species described above, Tet 4 
readily folds into an intramolecular quadruplex structure represented by the 
fastest migrating band (indicated by * Figure lA). A G-quartet model for the 
intramolecular foldback structure was proposed by WilUamson (1989) and 
confirmed by X-ray crystallography (Kang et al., 1992) and NMR (Smith & 
Feigon, 1992). When cross-linked by UV irradiation, it migrates faster on 
denaturing gels than unstructured 24-mers (indicated by ** Figure IB, lane 3; 
WilUamson et al., 1989). This foldback monomer was the dominant species 
formed by Tet 4 under the salt conditions used in the binding assays described 
below. 
Identification of a Tetrahymena DNA-binding protein specific for G4-DNA. 
Electrophoretic mobility retardation assays were used to identify a protein in 
Tetrahymena extracts (TGP) that boimd preferentially to the intennolecular 
form of Tet 4 despite the fact that it makes up only 10% of the total Tet 4 DNA 
species (Figure 2, lane 4). Specificity for multimeric Tet 4 was demonstrated by 
the lack of TGP complexes in lanes 1 and 2 (Figure 2) where multimeric Tet 4 is 
absent but the intramolecular form is present (see Materials and Methods). 
Comparison of lanes 1 and 2 with lanes 3 and 4 in Figure 2 demonstrates that 
formation of Tet 4 multimers is salt dependent and that TGP binds to the 
intennolecular form of Tet 4 and not to the unstructured or intramolecular 
foldback monomers. 
TGP complex formation was completely inhibited by pre-incubation of S-
100 extract above 50 or by extensive protease treatment indicating that 
TGP is a protein (data not shown). TGP coxold still bind G4-DNA after Umited 
proteolytic cleavage suggesting that its G4 binding domain may be separable 
from other domains of the protein (data not shown). 
TGP binds to quadruplexes in parallel-stranded arrangements. The 
structures formed by several Gr-rich oUgonucleotides have been well 
characterized in recent years (Williamson et al., 1989; Sundquist & Klug, 1989; 
Sen & Gilbert, 1990; Jin et al., 1992; Aboul-ela et al., 1992; Kang et al., 1992; 
Smith & Feigon, 1992; Gupta et al., 1993). A number of different arrangements 
(parallel and antiparallel) and strand stoichiometries (monomers, dimers and 
tetramers) exist in this structural family. To test the structural requirement for 
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Figure 2. TGP binds a G4 form of Tet 4. Mobility 
retardation assays were used to determine the species 
of Tet 4 bound by TGP. In the presence of S-100 
extract (+ lanes) neither unstructured Tet 4 monomers 
nor intramolecular foldback monomers (lanes 1 and 
2, *) were bound by TGP (lane 2). A TGP complex was 
formed only when the multimeric species of Tet 4 was 
available (lanes 4 and 6). Physiological salt conditions 
(lanes 5 and 6) supported formation of multimeric Tet 
4 (lanes 5, 6) and TGP complex formation (lane 6). 
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electrophoretic mobility retardation and binding competition experiments. In 
Figure 3A, the TGP complex increased in intensity in proportion to the 
availability of quadruplex DNA when the amount of total protein added to the 
binding reaction was held constant. This trend is evident for the intermolecular 
quadruplexes formed by Tet 4, Oxy 4, Y4, and (Tet 1.5)n. Oxy 4 formed a slow 
migrating species analogous to the Tet 4 tetramers (Figure 3B, lane 3, 
arrowhead). This slow form was shifted preferentially over the monomeric 
species (Figure 3B, lane 4). Similarly, over 70% of the Y4 molecules were shifted 
in the presence of protein with as much as 97% shifted in some experiments. In 
contrast, there was no detectable reduction in Y monomers in the presence of 
protein (Figure 3B, lane 8), Therefore, Y monomers, Uke Tet 4 monomers are not 
bound by TGP. 
Tet 1.5 formed intramolecular foldback structures at low concentration 
(Figure 3C, lanes 1,2) and a ladder of multimers at high concentration (Figure 
3B, lanes 11,12). The multimers are a previously unreported structure 
currently imder study in oior laboratory and their proposed structure is a 
parallel-stranded, G4 arrangement (T. Marsh and E. Henderson, in preparation). 
As shown in lane 12 (Figure 3B), a TGP complex was formed in the presence of 
Tet 1.5 multimers, but not in the presence of Tet 1.5 intramolecular foldback 
structures (Figure 3C, lanes 1,2). X4 is an exception to TGP's preference for G4-
DNA seen with Tet 4, Oxy 4, Y4, and Tet 1.5 and its ftirther examination is 
described below. 
Competition experiments using Tet 4 as the probe and the 
oUgonucleotides Usted in Figure 3A as the imlabeled competitor corroborated 
binding assay results. Foiar levels of unlabeled competitor were tested (2-fold 
molar excess over the Tet 4 probe, 10-fold, 50-fold, and 250-fold). A 200-fold 
excess of d(T)24 was included as a nonspecific competitor. Oxy 4 and Tet 4 were 
the best competitors having the ability to compete over 80% of the TGP complex 
coimts at a 50 fold molar excess (Figure 3A). In addition, Y competed much 
better than X. 60% of the TGP counts were competed by Y at a 50x molar 
excess whereas X was unable to compete even at a 50x molar excess (Figure 
3A). 
In contrast to the parallel quadruplexes in Figure 3B, the antiparallel 
hairpin dimer Oxy 1.5 (Kang et al., 1992; Smith & Feigon, 1992) was not boiind 
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A CompeL Binding 
Ability Ahilitv 
oxr4 TTrrGGGGTTTTCGGGTrrrGGGGTrrTGGGG (32) ++ + 
TET4 TTGGGGTTGGGGITGGGGTTGGGG (24) ++ + 
Y ACTGTCGTACTTGArATGGGGGT (23) + + 
(TET15)n (GGGG1TGGGG)n nd + 
oxru GGGGTm'GGGG(12) . . 
X TGATATGGGGGC(12) . . 
TETl^ GGGGITGGGG(IO) nd 
rtUaGdU UUGGGGUUGGCiGUUGGGGUUGGGG (24) . . 
ndsnot determined 
B C c 
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Figure 3. TGP binds preferentially to parallel-stranded quadruplex DNA. (A) 
Summary of binding and competition assays. Several different G-quartet 
structures were used as competitors for TGP binding. Competition assays using 
Tet 4 as the probe were consistent with the binding assays shown in B and C. 
Oxy 4 and Tet 4 were the best competitors indicated by "++". Y4 was a strong 
competitor (+) while X, Oxy 1.5, and r(U2G4)4 were poor competitors (-). (B) 
In mobility retardation assays, multimeric forms of Tet 4 and Oxy 4 formed 
TGP complexes (lanes 2 and 4) in addition to the known parallel-stranded 
quadruplex, Y4 (lane 8). A novel, multimeric, parallel-stranded structure formed 
by Tet 1.5 ((Tet 1.5)n) also formed a TGP complex (lane 12). The TGP complex 
always migrated between the 517 and 1600 bp markers of the 1 kb ladder 
(right). "+" or indicates the presence or absence of S-100 extract (C) The 
antiparallel hairpin dimer Oxy 1.5 (lanes 3 and 4, Kang et al. 1992) did not 
form a TGP complex and neither did Tet 1.5 species (lanes 1 and 2). 
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by TGP (Figure 3C, lane 4) and neither was the analogous molecule from 
Tetrahymena, Tet 1,5 (Figure 3C, lane 2). Furthermore, Oxy 1.5 was a poor 
competitor for TGP binding (Figure 3A) indicating that TGP does not bind to 
antiparallel quadruplex structures. 
The only common sequence element of the G4 oKgonucleotides tested for 
binding to TGP was GGGG. Thus, TGP has no apparent sequence reqiairements 
other than blocks of four or more contiguous guanines. Oligos that contain 
guanines separated by 1 or more nucleotides were not botmd by TGP (Figure 5A, 
4G and IG oligonucleotides). These data suggest that TGP is a G4-structure 
specific protein and not a primary sequence specific protein. 
The Tet 4 probe consistently formed only 1 major TGP complex (Figure 
3A, lane 2). The complexes formed by the G4-DNA's (Oxy 4, Y4, (Tet 1.5)n) that 
migrated with the Tet 4 TGP complex in Figure 3A (lane 2) are likely to contain 
the same proteins since Oxy 4 and Y4 both compete successfully for binding to 
TGP when Tet 4 is the probe (Figure 3A). However, until TGP is purified to 
homogeneity, it remains a formal possibility that the proteins binding the 
different G4-DNA complexes are different proteins. The identity of the bands 
binding to Oxy 4 and Y4 which did not migrate with the Tet 4 TGP complex is 
under investigation (Figure 3A, lanes 4, 8). It is not known whether these bands 
represent different G4 binding proteins or if some of them represent different 
nTombers of TGP proteins bound to a single G4 molecule. 
The abundance of TGP in S-100 extracts was estimated from the 
picomoles of G4-DNA shifted. Enough protein exists in 0.5 ug of extract to bind 
.00625 pmol of intermolecular Tet 4. Therefore, there are at least 7.5 x 10^ 
protein molecules per ug of extract (1.6 x 10® copies/cell). The abimdance of 
TGP should facilitate its purification. Attempts to localize TGP activity have 
thus far been inconclusive. 
TGP binds preferentially to G4 molecules with long single-stranded tails. 
Surprisingly, the tetrameric forms of oligonucleotide X did not form a TGP 
complex (Figure 3B, lane 6) suggesting that TGP requires more than just G-
quartet structure for binding. In agreement with the lack of an X4-TGP complex, 
there was no detectable loss of X4 species in the presence of extract (Figure 3B, 
compare X4 bands from lanes 5 and 6). In contrast, 70-97% of Y4 counts were 
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reproducibly shifted in Y4 binding assays under the same conditions, and a 
prominent TGP complex was always present. 
The only difference between X and Y is 11 additional nucleotides of random 
sequence 5' to the G-quartet structure region on ohgo Y. To test if the length of 
this tail region facilitates binding by TGP, oligonucleotides with tails intermediate 
in length between X and Y were s3mthesized and used in competition 
experiments. Oligos XYa, XYb, and XYc become progressively more like Y in 
length with XYa being the shortest (Figure 4A), XYc competed for binding to 
TGP much better than XYb or XYa at all levels of competitor (Figure 4A). XYb 
and XYa were indistinguishable in their ability to compete for TGP. Binding 
assays corroborated the competition results. Only Y and XYc formed a strong 
TGP complex (Figure 4B, lanes 8 and 10). In contrast, XYb and XYa formed very 
weak TGP complexes having less than 2% of the counts present in the Y TGP 
complex (Figure 4B, lanes 6 and 4 respectively). Thus, a 5' tail of at least 15 
nucleotides in addition to Gr-quartet structure is needed for optimal binding to 
these G4 structxires. However, TGP is not a single strand binding protein since it 
did not bind monomeric forms of any of the oligonucleotides tested in this study. 
Non-G4 oligonucleotides as substrates for TGP. Several non-G4 forming 
sequences were also tested for binding to TGP (Figure 5). Oligos TRl, TR2, and 
TR3 correspond to sequences foxmd in the rephcation origin of Tetrahymena 
rRNA genes and are bound by factors from Tetrahymena (A. Umthun Z. 
Sibenaller, W. Shaiu, and D. Larson, unpublished results). T-rich (d(T)24), A-rich 
(TR2), and C-rich (d(C4A2)4) single stranded oligonucleotides were also tested in 
binding and competition assays. None were found to bind to or compete for TGP 
(Figure 5). In addition, the conditions of the assay were such that the complexes 
normally formed by the oligonucleotides TRl, TR2 and TR3 in S-100 extracts 
were not observed. Oligos which mimic telomeric DNA were also tested. 
Telomeric duplex oligonucleotides (Cardenas et al., 1993) failed to compete 
(Figure 5A), and telomeric C-strand oligonucleotides did not form a TGP complex 
(Figure 5B, lane 12). Competition experiments using d(C4A2)4 were hindered by 
duplex formation. Finally, two different A/T rich duplexes from the origin of 
replication in Tetrahymena rDNA were also tested as competitors for TGP and 
found not to compete at any level (Figure 5A). 
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A Compet. Binding 
Ability Ability 
XYa ACTTGATATGGGGGT (15) 
XYb CGXACITGATATGCIGGGT (18) 
XYc TGTCGTACTTGATATGGGGGT (21) 
B 
^ ^ Mb X Probe 




1 2  3 4 5 6 7 8 9  1 0  
Figure 4. TGP has a tail length reqioirement for optimal binding. (A) 
Smnmary of binding and competition assays. Competition experiments with 
Tet 4 as the probe corroborated the binding assay results. XYa and XYb 
were both poor competitors (-) while XYc competed as effectively as Y (+). 
(B) Mobility retardation assays with X (lanes 1, 2), XYa (lanes 3, 4), XYb 
(lanes 5, 6), XYc (lanes 7, 8), and Y (lanes 9,10) as the probe (indicated at 
the top) demonstrated that TGP binds only to G4 molecules with a 5' tail 
length of at least 15 nucleotides (XYc, lane 8). 
D5 duplex TTTTTTTOOCAAAAAACAAAAATAGTAA 
AAAAAAACCOTTTTTTGTTTTTA'rCATT (20) 
nd 
CS duplex TTTTTTTCCCAAAAAAXAAAACAAAAXTAOTAX 







IG ss CTCAAGAACTCA (12) 
4G ss TOAG'TTCTTQAO (12) 
TRl ss TTTTOATCCGGAGATGTTTCCCC (23) 
TR2SS AAAAAAAAAAACAAAAATAGTAA (23) 
TR3 6S ACCTTCCOAACTTTTOCAACTTTQAOA (27) 
d(C4A2)4 CCCCAACCCCAACCCCAACCCCAA (24) na 







Figure 5. Non-G4 forming oligos do not form TGP complexes. (A) 
Summary of binding and competition assays. Competition assays with 
Tet 4 as the probe corroborated the binding assay results and also 
demonstrated that two different A/T-rich duplexes were not bound by 
TGP since all oUgos tested were poor competitors (-). (B) Mobility 
retardation assays using several different single stranded oligos as 
probes were performed to test the ability of A-rich (lanes 7-8), T-rich 
(lanes 3-4), and C-rich oligos (lanes 11,12) to form a TGP complex. In 
addition, oligos from the repUcation origin of Tetrahymena rDNA were 
found not to form TGP complexes (TRl, lanes 5-6 and TR3, lanes 9-10) 
even though these oligos bind factors in S-100 extract under different 




TGP binding specificity. Telomeric and non-telomeric G-rich sequences 
can form G4-DNA structures (reviewed by Sundquist, 1991; Henderson et al., 
1987; Williamson et al., 1989; Sundquist & Klug, 1989; Sen & Gilbert, 1990; Jin 
et al., 1992; Kang et al., 1992; Smith & Feigon, 1992). This study demonstrates 
that Tetrahymena contains an abimdant protein, TGP, that binds specifically to 
G4 structures formed by the telomeric G-strand sequence d(T2G4)4 and not to 
Tet 4 intramolecular foldback monomers or to unstructured Tet 4 monomers. 
Furthermore, TGP binds parallel-stranded G4-DNA structures having very 
different primary sequences from Tet 4, demonstrating its structure-specific 
nature. Taken together, the abundance and structural specificity of TGP 
suggest that it may have an important fimction in the cell. 
TGP does not bind to G/C rich or A/T rich duplex DNA, nor to non-G-rich 
single-stranded DNA. TGP also fails to bind G-rich RNA monomers ((U2G4)4). 
However, we were unable to ttnequivocally test for the ability of G4-RNA to form 
TGP complexes since (U2G4)4 did not readily form G4-RNA under the conditions 
used in these experiments. Thus, it is still possible that TGP has affinity for G4-
RNA. 
An unusual feature of TGP is that it may require a single-stranded region 
in addition to a G-qxiartet structure region. The single-stranded requirement is 
most obviously demonstrated with the X and Y ohgos. The length of the Y tail is 
an important feature suggesting that a longer tail somehow affects the G-
quartet region in a manner that makes it available for binding by TGP. Single-
stranded tails would also be associated with G4-DNA structures formed by Tet 4 
and Ojqt 4 ohgonucleotides in which the individual strands are not precisely 
aligned. The presence of several different intermolecular Tet 4 structures on 
non-denaturing gels (Figure lA) suggests that the individual strands of the G4 
complexes are arranged in several different ways and likely contain single-
stranded tail regions. If single-stranded tails adjacent to a quartet structure are 
a requirement for TGP binding, it is possible that the absence of a TGP/Oxy 1.5 
or Tet 1.5 complex is due to the lack of a single-stranded tail and not due to a 
specific requirement for parallel DNA. It will be of interest to test antiparallel 
molecvdes having long suigle-stranded tails for TGP binding. 
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TGP's reqxiirement of a single stranded tail is similar to the binding 
properties of the yeast nuclease identified by Liu et al. (1993). The yeast 
nuclease appears to require G4 structure for cleavage of a single-stranded region 
5' of the G4 structure since single-stranded forms of the oligonucleotides capable 
of forming G4-DNA are not cleaved. Nuclease activity is present in crude 
extracts containing TGP binding activity. Cleavage products are observed at 
the bottom of gels only in the presence of extract (Figure 3b). However, it is not 
known whether the two activities are related since these extracts contain many 
proteins. Purification of TGP will allow us to address this question. 
Since chick topoisomerase II has been shown to bind G4-DNA (Chung et 
al., 1992), phosphocellulose purified TGP was tested for topoisomerase II 
activity. TGP was incapable of decatenating K-DNA (data not shown, Ryan et 
al., 1988) using conditions which support K-DNA decatenation by purified 
human topoisomerase. Thus, it is seems vmlikely that TGP is Tetrahymena 
topoisomerase II. It is also xmhkely that TGP is a telomeric end binding protein. 
A Tetrahymena end-binding protein migrates to a different position in mobiUty 
retardation assays than TGP (H. Sheng and E. Henderson, unpubhshed results). 
In addition, ohgonucleotides which mimic the 3' end of the telomere (Cardenas et 
al., 1993) do not compete for binding to TGP (data not shown). 
Biological Relevance of TGP. Several proteins have been reported to bind 
G-quartet structures, including the transcription factor MyoD (Walsh & 
Gualberto, 1992), macrophage scavenger receptors (Pearson et al., 1993), chick 
topoisomerase II (Chimg et al., 1992), and a novel yeast factor (Liu et al., 1993). 
Recently, Fang and Cech (1993) demonstrated that the P subxinit of Oxytricha 
catalyzes G-quartet formation. However, a specific biological role for any G-
quartet binding protein has yet to be demonstrated in vivo. 
It has been suggested that G-quartet structures present an array of 
phosphates that are favorable for nonspecific binding by basic proteins (J. 
Williamson, personal communication). In support of this idea, human and yeast 
topoisomerase II sequences and macrophage scavenger receptors contain 
clusters of basic residues which could serve as a nonspecific binding domain for 
G4-DNA (Pearson et al., 1993). However, given TGP's specificity for 
intermolecular, parallel-stranded quartet structures verses intramolecular, 
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antiparallel quartet structiires, it is likely that its biological role involves specific 
interactions with G4-DNA. 
G4 DNA has been implicated in biological events involving contact or 
exchange between DNA domains (e.g., meiotic chromosome pairing (Sen & Gilbert, 
1988), regulation of gene activity (Nickol & Felsenfeld, 1983; Pears & Williams, 
1988), and gene rearrangement (Hastie & Allshire, 1989)). Furthermore, one G4 
binding protein, topoisomerase II, is involved in passing a DNA duplex through 
another duplex. In all of these cases one can envision a state where two duplexes 
are aligned and operated upon. In addition, during processes like recombination, it 
is likely that single stranded regions will exist adjacent to transient fovir stranded 
domains. Thus, a protein Uke TGP, that binds to both four stranded and adjacent 
single stranded domains, could be involved in this type of reaction. 
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ABSTRACT 
G4-DNA is a parallel-stranded, alternative DNA conformation. In order to 
better understand the biological role of G4-DNA structures, a protein (TGP) which 
binds G4-DNA was identified and initially characterized (Schierer & Henderson, 
1994). Its further characterization and purification has been pursued. The main 
component of TGP is an 83 kDa protein that binds to G4-DNA possibly as a 
homomultimer. Chromatography matrices most usefiil for TGP purification 
include the cation exchangers S-Sepharose and Biorex 70. 
INTRODUCTION 
The G-quartet, a cychc, hydrogen-bonded array of guanines, was first 
proposed by Gellert et al. (Grellert et al., 1962) in order to explain the remarkable 
stabiHty of the gels formed by guanylic acid (GMP). Interest in the study of G-
quartet structxires has increased dramatically in recent years since it was 
discovered that biologically relevant DNA sequences such as telomeres 
(Henderson et al., 1987; WiUiamson et aL, 1989; Stmdquist & Klug, 1989) and 
immimoglobulin switch regions (Sen & Gilbert, 1988) form unusual DNA 
structxires. 
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Subsequent studies showed important features of telomeric sequences 
which influence the structure including the number of contiguous guanines and the 
number of thymines between blocks of guanines. It was determined that G-
quartets cannot exist in isolation from other quartets and therefore at least two 
contiguous guanines are necessary for the formation of a G-quartet structures in 
sequences containing at least two blocks of guanines (Jin et al., 1990). Sequences 
having only one block of guanines need at least three contiguous G's to form G-
quartet structures (Sen & Gilbert, 1992). In addition, the number of T's between 
the blocks of guanines determines whether the structure will be an antiparallel 
hairpin dimer or a parallel-stranded tetramer (Balagurumoorthy et al., 1992; Guo 
et al., 1993). At least two T's are necessary to allow formation of a hairpin 
foldback dimer in sequences with two telomeric repeats. If only one T is present 
between the G-blocks, the structure formed is a parallel-stranded tetramer 
(Balagurumoorthy et al., 1992; Guo et al., 1993). 
The crystal structures of both parallel and antiparallel G-quartet 
structures have been determined (Laughlan et al., 1994; Kang et al., 1992). All 
parallel-stranded G-quartet structures studied to date are right-handed helices 
with entirely anti glycosidic conformations (Gupta et al., 1993; Aboul-ela et al., 
1992; Wang & Patel, 1993; Wang & Patel, 1992). Antiparallel G-DNA structures 
are characterized by alternating syn and anti glycosidic conformations along each 
strand in the qxiadruplex (Kang et al., 1992; Smith & Feigon, 1992). 
Two approaches have been taken to address the biological significance of G-
DNA structures. One approach involves identifying biologically relevant 
sequences capable of forming G-DNA structures. Several different G-rich DNA or 
RNA sequences having potential biological roles have been tested for their ability 
to form G-DNA or G-RNA structures. DMS treatment of HIV genomic RNA 
dimer revealed that two blocks of guanines in the region essential for dimerization 
were protected from methylation (Awang & Sen, 1993). Dimerization of the two 
copies of HIV genomic RNA is an important step in the HIV-1 life cycle that 
appears to negatively regulate translation and positively regulate encapsidation 
(Marquet et al., 1991). Sequences from the immunoglobvilin switch regions were 
shown to form a four-stranded, G-quartet structure (Sen & Gilbert, 1988). Such a 
structure may have a role in the recombination of these sequences dxiring 
differentiation of B lymphocytes to plasma cells. The fragile X (CGG)n repeats 
38 
form a G-quartet structure which is stabilized by methylation of the cytosine 
residues of the (CGG)n repeats (Fry & Loeb, 1994; Hardin et al., 1993). The 
correlation of repeat expansion and FMR 1 methylation with stabiUzation of Gr-
quartet structures formed by these sequences suggests that G-quartet structures 
may help regulate delayed repUcation and transcriptional silencing observed at the 
FMR 1 locus (Pieretti et al., 1991; Hansen et al., 1993). Another medically 
important application of G-DNA research stems from the discovery of a G-DNA 
aptamer which inhibits thrombin (Bock et al., 1992). The aptamer, 
d(GGTTGGTGTGGTTGG), was shown to form an antiparallel quadruplex 
structure (Macaya et al., 1993; Wang et al., 1993). 
The second approach involves the identification and characterization of 
proteins which bind to G-DNA structures. Several different proteins have been 
identified which bind to both parallel and antiparallel G-DNA structures. Among 
these, the strongest functional evidence comes from a yeast nuclease which binds 
to a parallel-stranded G-DNA structure (Liu et al., 1993). A homozygous deletion 
of the gene for this protein (KEM 1) blocks meiosis at the 4N stage. FACS 
analysis of KEM 1 deletion mutants revealed that the mutants underwent 
premeiotic DNA synthesis but arrested before spore wall formation (Tishkoff et 
al., 1991). The KEM 1 protein also has strand exchange activity (Kolodner et al., 
1987). Taken together, these results suggest a role for KEM 1 in meiotic 
recombination. 
In support of the proposal that G4-DNA structures have a role in meiotic 
recombination, telomeric sequences have been foxmd to strongly stimulate meiotic 
recombination (White et al., 1993). Furthermore, RAP 1, which has been shown 
to bind telomeres in vivo (Conrad et al., 1990) and G-DNA structures (Giraldo & 
Rhodes, 1994), stimulates meiotic recombination (White et al., 1991). A mutation 
in the RAP 1 binding site which eliminates RAP 1 binding reduced the frequency of 
meiotic crossing over (White et al., 1991). Another enzyme impUcated in 
recombination, topoisomerase II, was shown to bind G4-DNA structxires (Chtmg 
et aL, 1992). Topoisomerase II has been implicated in recombination due to its 
high reactivity toward an alternating purine-pyrimidine sequence which fimctions 
as a recombination hot spot in the P-globin gene (Spitzner et al., 1989). Thus, 
topoisomerase II, RAP 1, and the KEM 1 protein all have potential roles in meiotic 
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recombination and each of them binds to G4-DNA suggesting that G-DNA 
structures have a role in meiotic recombination as well. 
Continued studies of G4-DNA binding proteins are needed to elucidate the 
exact biological function of both the proteins and the Gr-DNA structures to which 
they bind. Tetrahymena may provide a vtnique opportunity to study parallel-
stranded G-DNA/protein complexes. Tetrahymena has an abimdance of G-rich 
DNA. Furthermore, it exhibits nuclear dimorphism: Only the micronucleus 
undergoes meiosis, and the macronucleus divides by fission. Thus, a protein which 
only binds to parallel-stranded G-DNA in meiotic chromosome pairs may be 
locahzed exclusively in the micronucleus. In a previous study, we identified an 
activity fi:om Tetrahymena (TGP) that binds to parallel-stranded G4-DNA but not 
to anti-parallel G-DNA (Schierer & Henderson, 1994). In this study, we report the 
identification of the main protein involved in TGP/G4-DNA complexes and its 
partial purification. 
MATERIALS AND METHODS 
Tetrahymena strains and cell culture. Tetrahymena thermophila strain C3 
V was grown using a rotary shaker at 30°C in 2% PPYS (2% proteose peptone, 
0.2% Yeast extract, and 0.003% sequestrine) to mid-log phase (2.5 X 10^ 
cells/ml). 
Extract preparation. Tetrahymena whole cell extracts were prepared 
according to the procedure of Greider and Blackburn (1987) except that the cells 
were not mated. Furthermore, double distilled H2O was substituted for diethyl 
pyrocarbonate-treated H2O and 10 mM Tris-HCl (pH 7.5) was substituted for 
Dryls for cell washes. Briefly, cells at mid-log phase were harvested at 5K rpm 
for 5 minutes (Sorvall GSA rotor, 4 ^C) and washed twice with a lOx volume of 
cold 10 mM Tris-HCl (pH 7.5). Cell pellets were then resuspended in a Ix volxmie 
of TMG buffer (10 mM Tris-HCl pH 7.5,1 mM MgCl2,10% glycerol, 10 mM 2-
mercaptoethanol) and 1/10 voltxme of 2% NP-40 was added immediately. Cells 
were lysed by shaking on a Fisher Genie 2 vortexer (setting 4) for 30' at 4 ^C. 
The cell lysate was centrifuged at 100,000 x g for 60 minutes at 4 OC. The 
supernatant, termed S-100 cell extract, was aliquoted and fi:ozen qvdckly with 
liquid nitrogen. The final protein concentration was typically 10-20 mg/ml in 
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TMG buffer. The protease inhibitors leupeptin (0.01 mM), pepstatin (0.01 mM), 
and Pefabloc (0.1 mM) (Boehringer Mannheim) were included in all solutions. 
DNA oligonucleotide synthesis, purification and 5' end radiolabeling. 
Oligo Y (dACTGTCGTACTTGATATGGGGGT; Sen & Gilbert, 1990) was gel 
purified as previously described (Henderson et al., 1987). Briefly, DNA 
oligonucleotides were synthesized on an Applied Biosystems DNA Synthesizer 
followed by deprotection. After boiling in 50% formamide for 4', the 
oligonucleotides were separated by electrophoresis through 20% polyaciylamide 
sequencing gels containing 7M urea and Ix TBE buffer. The desired species were 
identified by UV shadowing and excised from the gel. DNA was eluted by 
shaking in TE buffer (10 mM Tris-HCl, pH 7.5,1 mM EDTA) for 24-48 hours at 
room temperature, and the eluted ohgonucleotides were desalted over a Sep-Pak 
C18 coliman (Waters). Gel purified Tet 4 oligonucleotides were 5' end labeled as 
previously described (Henderson et al., 1987). The labeled Y was then gel 
pvuified (12%, 7M urea PAGE) and desalted by C18 chromatography as above. 
Electrophoretic mobility retardation assays and unit definition. OUgo Y 
was chosen as the probe for detecting TGP because of its ease of structiire 
formation and because it is only capable of forming one type of G-quartet 
structiare, a parallel-stranded tetrameric quadruplex (Sen & Gilbert, 1990; 
Laughlan et al., 1994). For mobility retardation assays, 0.5 picomoles of 5' 32p. 
probe were boiled in the presence of 5 mM KCl, and 5 mM MgCl2,10 mM Tris-
HCl (pH 7.5) and 5% glycerol and slow cooled at room temperature for at least 
30' to allow the probe to form structure before transferring to ice. A 200 fold 
molar excess of oligonucleotide d(T)24 was then added as a nonspecific 
competitor (5 pmol/ml final concentration) before adding protein to produce a 
final reaction volimie of 20 ml. The final probe concentration was 0.025 pmol/ml, 
and final concentrations of other components in the binding reaction were 5 mM 
KCl, 5 mM MgCl2,10 mM Tris-HCl (pH 7.5), 5% glycerol, 1 mM 2-
mercaptoethanol and 0.02% NP-40. Under these reaction conditions, one unit of 
TGP activiiy is defined as the binding of 0.5 finol of Y4 (4-stranded form of oligo 
Y) as determined by mobihty retardation assays and quantitation by 
phosphorimager analysis (Molecular Dynamics). Binding reactions were 
incubated on ice for 20 minutes and then loaded onto a 6% non denaturing 
polyacrylamide gel in 0.6x TBE. Electrophoresis at 10 volts/cm was carried out 
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at room temperature until the bromophenol blue reached 3/4 the length of the 
gel. The gel was then dried and the bands were visuaHzed by autoradiography 
and quantitated using a Phosphorlmager (Molecular Dynamics). 
SDS-PAGE and molecular weight estimation. 6 and 10% separating gels 
and stacking gels were prepared according to Current Protocols in Molecular 
Biology (Smith, 1987; p. 10.2.1-10.2.9). SDS sample buffer and Ix SDS 
electrophoresis buffer were prepared according to Guide to Protein Purification 
(Garfin, 1990; p. 430). Protein samples were boiled in a l-4x volume of sample 
buffer for 5 nodnutes and loaded. Electrophoresis was carried out at 16-24 mA 
constant current at room temperature imtil the dye front reached the bottom of 
the gel. Molecular weights of unknown proteins were estimated using a 
calibration curve prepared by plotting log MW verses Rf for the molecular weight 
standards (Garfin, 1990; p. 440). The xmknown molecular weights were 
calculated from the Rf using the equation for the caUbration curve. 
UV cross-linking. Cross-Unking of Tet 4 species to TGP was performed in 
situ by exposing a wet 8% EMRA to 254 nm UV light for the indicated number of 
minutes on ice with the gel no more than 5 cm from the UV source. The gel was 
exposed to film overnight to reveal the positions of the TGP/Tet 4 complex. Gel 
pieces containing the TGPATet 4 complex were then excised, denatured by boihng 
5' in SDS sample buffer, and polymerized into the stacking gel of a 10% SDS-
PAGE next to prestained molecular weight standards for molecular weight 
estimation. DTT was substituted for 2-mercaptoethanol in the sample buffer, 
since BME inhibited gel polymerization. After electrophoresis at 30 mA, the gel 
was dried and exposed to X-ray film to reveal the position of cross-linked species. 
The film was ahgned on the dried gel to mark the position of the molecular weight 
standards and the molecular weight was estimated from the moleculsir weight 
standards' caUbration curve. 
Preparative Mobility Retardation Assay. In order to estimate the size the 
proteins involved in TGP/G4-DNA complexes without the aid of a cross-Unked 
probe, a concentrated preparation of TGP was prepared from the high activity 
fractions of an S-Sepharose coltimn and used in a mobiUty retardation assay so 
that a sufficient amovint of protein would be present for staining. 2 ml of high 
activity S-Sepharose fractions were concentrated to a final volume of 100 ml 
using Centricon 10 concentrators (Amicon). 10 ml of this concentrated fraction 
42 
was used in a standard mobility retardation assay (see above) and the band 
containing TGP was visualized by autoradiography of the wet gel. The desired 
gel piece was then excised, denatured as above (see UV cross-linking) and 
poljonerized into the stacking gel of a 6% SDS-PAGE for molecular weight 
estimation. After electrophoresis at 20 mA constant current, the gel was silver 
stained using Biorad silver stain according to the manufacturer's instructions. 
The molecular weight of TGP was estimated from the molecular weight 
standards' caUbration curve. 
Ion Exchange Chromatography. A Pharmacia S-Sepharose coliimn (4.91 
cm2 X 14.5 cm) was poured and then equihbrated and packed at 3.6 ml/min with 2 
column volimies of chromatography buffer (CB: 10 mM Tris/HCl (pH 7.7), 1 mM 
EDTA, 0.01% NP-40,10% glycerol, and 1 mM DTT). 10 ml of SlOO extract was 
equilibrated with 0.01 mM leupeptin, 0.1 mM pefabloc and 1 mM EDTA and loaded 
onto the column at a rate of 0.82 ml/min. After the extract had passed into the 
column, it was followed with 70 ml of CB at the same flow rate (0.82 ml/min). The 
loaded column was then washed with 100 ml of CB containing 0.5 M NaCl at a 
flow rate of 2 ml/min to remove weakly binding proteins from the colinnn. A 200 
ml, 0.5-1.5 M NaCl/CB linear gradient was then applied to elute TGP. Fractions 
were aliquoted and frozen in liquid N2. Column fractions were assayed for TGP 
activity with mobiHty retardation assays. 
A Biorad Biorex 70 column (4.91 cm^ x 50 cm) was equilibrated according 
to the manufacturer and then poxired and packed with 500 ml of CB. 17 ml of 
SlOO extract was equilibrated with 0.01 mM leupeptin, 0.1 mM pefabloc and 1 
mM EDTA and loaded onto the coltimn at a rate of 0.82 ml/min. After the extract 
had passed into the column, it was followed with 80 ml of CB at the same flow rate 
(0.82 ml/min) and 40 ml of CB at 1.5 ml/min. The column was then washed with 
160 ml of CB containing 450 mM NaCl to remove weakly binding proteins from 
the coluron. TGP was then eluted using a 462 ml, 0.45 M-1M NaCl/CB linear 
gradient. Fractions were aliquoted and frozen ia Uquid N2. Coltram fractions were 
assayed for TGP activity with mobility retardation assays. 
Affinity Chromatography A 2 ml A£&-blue column (Biorad) was poured and 
packed according to the manufacturer's instructions. The packed coluimn was 
equilibrated with 10 column volumes of CB bxofFer. The load for the Affi-blue 
column was prepared by combining, concentrating and dialyzing the high-Y4-
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binding-activity fractions from a 70 ml S-Sepharose coliamn. The fractions were 
first dialysed into TMG (10 mM Tris-HCl (pH 7.5), 1 mM MgCl2, and 10% glycerol) 
and then concentrated 10 fold by ultrafiltration using YM membranes (Amicon). 
Approximately 1/10 of the total volume of the the S-Sepharose high activity 
fractions was loaded onto the 2 ml Affi-blue colvmm at a flow rate of 0.13 ml/min 
followed by 3 ml of CB buffer. A 0-2M NaCI/CB salt gradient was then applied to 
fractionate proteins. 20,1 ml fractions were collected. The protease inhibitors 
leupeptin (5 ^M) and pefabloc (50jiM) from Boehringer Mannheim were included in 
all wash buffers. Fractions were assayed for Y4-binding activity before being 
frozen in liquid nitrogen. 
A 1 ml Y4-affinity coliunn was constructed by binding preformed, 
biotinylated Y4 complexes to avidin agarose beads (Pierce). Biotinylated Y4 
complexes were formed by adding a 6 fold excess of unbiotinylated oligo Y to 
biotinylated oUgo Y in the presence of 100 mM KCl and 5 mM MgCl2 to enstare 
that each complex capable of binding the avidin-agarose beads contained only one 
biotinylated molecule. The preformed complexes were then added to an 
equilibrated and packed colvunn of avidin agarose and allowed to bind overnight at 
4 OC. Excess oligo Y was washed from the column with 5 column voliunes of CB 
buffer containing 100 mM KCl; 5 mM MgCl2. The load for the Y4-affinity colionm 
was prepared by combining, concentrating and dialysing high activity fractions 
(fractions 19-23) of the Affi-blue column shown in Figure 3A. These fractions were 
dialysed into 10 mM Tris-HCl, 1 mM EDTA and 10% glycerol and then 
concentrated 10 fold by viltrafiltration using YM membranes (Amicon) to a final 
volume of 200 X. All of the concentrated Affi-blue material was loaded onto the 
Y4-a£finity column at a flow rate of 0.15 ml/min and followed with 3 ml of CB 
buffer containing 50 mM KCl, 10 (iM leupeptin, and 100 |jM pefabloc. The column 
was then washed with a salt gradient (50 mM-2M NaCl/CB; 5 pM leupeptin, 50 
liM pefabloc) to fractionate proteins, 20,1 ml fractions were collected during the 
gradient. 
RESULTS 
Identification ofTGP UV cross-Unking analysis was used to identify the 
protein bands responsible for the shifts seen in mobility shift assays used in the 
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initial characterization of TGP (Schierer & Henderson, 1994). The TGP band from 
a mobility retardation assay such as that foimd in Figure 2A was excised after 
different UV exposure times in order to tag the protein for visualization on an 
SDS-PAGE. The excised band was then polymerized into the stacking gel of a 
10% SDS-PAGE for estimation of molecular weight. Increasing exposure times 
resialt in more extensive cross-linking of the radiolabeled probe to the protein. A 
cross-linked complex of approximately 97 kDa is visualized after exposure of the 
protein gel to X-ray film (Figure lA). In all cases, the molecular weight of the 
imknown protein bands was estimated from a caUbration curve of the molecular 
weight standards (log MW vs Rf (relative mobility); Garfin, 1990). Because one to 
four molecules of Tet 4 could be cross-linked to the protein or cross-linked to each 
other, the size estimation for the protein can range from 89 kDa for one molecule 
of d(T2G4)4 to 63.8 kDa for four molecules of d(T2G4)4 since each molecule has a 
molecular weight of 8.4 kDa. Since over 75% of the total Tet 4 molecules remain 
monomeric or form cross-linked dimers after 20 minutes exposure to UV (Schierer 
& Henderson, 1994), the estimated TGP/Tet 4 moleciolar weight can be narrowed 
to between 89 and 80.6 kDa. A doublet of the main cross-linked species is visible 
in the 5 minute exposure lane. The position of the two bands in the doublet can be 
accounted for by the molecular weight of one molecule of Tet 4 suggesting that the 
upper band has two molecules of Tet 4 cross-Unked to the protein and the lower 
band has one molecule of Tet 4 attached. 
A minor DNA/protein cross-Unked products was observed aroimd 43 kDa 
using both Tet 4 and Y4 (data not shown) as the DNA probe. The minor products 
could represent a degradation product of TGP that still retains the binding domain 
or it could represent a minor component of the TGP/G4-DNA complex. High 
activity fractions from S-Sepharose contain a minor band of approximately 43 
kDa in addition to the dominant 83 kDa band (Figure 2) suggesting that the minor 
band is part of the TGP/G4-DNA complex. 
A complementary experiment to the cross-linking analysis was performed 
to more accvirately estimate the molecular weight of TGP. As before, the TGP 
band from a mobility retardation assay was excised and polymerized into the 
stacking gel of an SDS-PAGE. A 6% SDS-PAGE was used since this percentage 
provides optimal resolution for proteins in this range. Cross-linking was not 
performed to visualize the protein. Rather, as much protein as possible was used 
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+UV/+Pro 
Figure 1. UV cross-linking assay to estimate the size of TGP. Radiolabeled Tet 
4 molecules were cross-linked to TGP in situ. The band containing the cross-
linked complex was excised and pol)Tnerized into a 10% SDS-PAGE for size 
estimation. The main cross-linked complex was resolved at 97 KD and a minor 
complex at 42 KD. The -UV/-Pro and +UV/-Pro, lane contained probe alone 
without and with UV treatment. The +UV/+Pro lanes contained TGP/probe 
complexes exposed to UV for different numbers of minutes. In B, a band 
containing the TGP/probe complex from a preparative mobihty retardation 
assay was excised and polymerized into the stacking gel of a 6% SDS-PAGE for 
size estimation (TGMOlAlane). The SDS gel resolved a protein band of 85 
KD. Lane "M" contains molecidar weight standards. 
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in the TGP/G4-DNA binding reaction to provide enough material to visualize on 
the protein gel without the aid of the radiolabled probe. Because of the large 
amount of protein used for the mobility retardation assay, this experiment is 
termed a preparative mobility retardation assay. In this experiment a single band 
of approximately 85 kDa was visualized (Figure IB). 
In order to determine if bands corresponding to the molecular weights 
estimated by UV cross-linking and preparative mobihty retardation assays were 
present in high activity fractions from Biorex 70 and S-Sepharose columns, these 
column fractions were concentrated and separated by 6% SDS-PAGE. In both 
Coomassie and silver stain gels, one main band is present which corresponds to 
the estimated 85 kDa molecular weight. The position of the main band from three 
different 6% SDS-PAGE was averaged to obtain an approximate molecular weight 
of 83 kDa. The 83 kDa band is the most abimdant protein in these fractions since 
it is the only band visualized in imconcentrated fractions (Figure 2C, lane 5). In 
addition, the 83 kDa band is the main band present in the high activity fractions 
from the two most effective columns used for TGP purification (Biorex 70 and S-
Sepharose). The 83 kDa band is the only band identified so far that is consistently 
present in the high activity fractions of columns used for TGP purification (Table 
I). Based upon the UV cross-hnking analysis, the preparative mobility 
retardation assay, and protein gels from high activity chromatography fractions, 
we conclude that the 83 kDa protein is the main component of the TGP/G4-DNA 
complexes. 
Purification of TGP Several different colxmans were tested on an analytical 
scale (1-10 ml column voltmies) to determine their usefiilness in purifying TGP 
from other cellular components (Table I). TGP activity was assayed by testing 
column fractions for the ability to bind to the foxar-stranded form of oligo Y (Y4) in 
standard mobility retardation assays (Figure 2A and B; see also Materials and 
Methods) The columns having the highest salt elution (Phosphocellulose, Biorex 
70, and S-Sepharose) were all cation exchange columns indicating that TGP has a 
basic binding domain as would be expected for a G4-DNA binding protein. Each of 
these columns performs well as the first step in the purification scheme as TGP 
requires at least 500 mM NaCl/CB for elution of botmd protein from the column. 
S-Sepharose has the narrowest activity peak of the cation exchange columns and 
thus the highest concentration of the 83 kDa band. Comparing the specific 
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Figure 2. S-Sepharose (A) and Biorex 70 (B) fractionation of TGP. Whole cell SlOO 
extracts were loaded onto each column and TGP activity was eluted using CB buffer 
containing a high concentration of NaCl. TGP activity from column fractions was assayed 
using mobility shift assays (A and B) with oligo Y as the probe. Peak TGP activity elutes 
from both columns above 500 mM NaCl. In part A, lanes 1 and 3 are DNA(Y4) alone; 
lane 4 represents the eluent collected during loading of the column; lane 5 represents the 
eluent collected during a 0.5 M NaCl wash step and lanes 6-16 represent column fractions 
collected during a 0.5 M-1.5 M NaCl gradient. In part B, lane 2 represents the eluent 
collected during loading of the column; lanes 3-5 represent the eluent collected during a 
0.45 M NaCl wash step and lanes 6-16 represent column fractions collected during a 0.45 
M-1.5 M NaCl gradient. Part C. Coomassie stained 6% SDS-PAGE analysis of high salt 
fractions from S-Sepharose and Biorex 70. The 83 KD band is the most abundant protein 
in the high activity fractions of both columns. In Part C, 20 A, of a Biorex 70 peak activity 
fraction (BR 70) are qualitatively compared to 10 and 20 X of an S-Sepharose peak activity 
fraction ([10], [20]; [un]=unconcentrated, 20X; [ ] = concentrated), and to SlOO (2.5 |ag). 
M= molecular weight standard 
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Figure 3. Affi-blue and Y4 affinity fractionation of TGP. (A) Fractions containing 
peak TGP activity from an S-sepharose colimm were desalted by dialysis, 
concentrated by ^trafiltration, and loaded onto an AflBl-blue column for further 
fractionation. The activity of the material loaded onto the Affi-blue column is 
represented by the "SS-load +" lane. lanes represent DNA alone incubated in 
the CB buffer or SlOO extract buffer. "Flow through" fractions were collected from 
the point at which the coltimn was loaded imtil one column volume of CB buffer 
had flowed through. "Wash fractions-Affi-blue" represent the elution of TGP activity 
using CB buffer containing a high concentration of NaCl (0-1.1 M linear gradient! 
The NaCl concentration in high activity fractions ranges from 290 mM in fraction 
19 to 1.1 M in fraction 23. (B) Fractions 19-22 from the affi-blue column in (A) 
were desalted by dialysis, concentrated by ultrafiltration and loaded onto a Y4-
affinity column. The activity of the material loaded onto the Y4-affinity column 
is represented by the "AB-load +" lane. lanes represent DNA alone incubated 
in the CB buffer or SlOO extract buffer. "Flow through" fractions were collected 
from the point at which the column was loaded until one column volume of CB 
buffer containing 50 mM KCl had flowed through. "Wash fractions-Y4-affinity" 
represent the elution of TGP activity using CB biiffer containing a high concentration 
of NaCl (0-1.3 M linear gradient). The NaCl concentration in high activity fractions 
ranges from 670 mM in fraction 13 to 1.3 M in fraction 23. 
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activity (U/mg) of the starting material (SlOO extract) to the specific activity of 
the high salt/high activity fractions from the S-Sepharose column, the purification 
of the 83 kDa protein by this column is at least 90 fold. In addition, TGP accounts 
approximately 50% of the total protein in the high activity fractions as determined 
by SDS-PAGE analysis. 
Table I: Coliimn Screening Summaiy 
Matrix Name Matrix type [Na+] needed for Separation from 
TGP elution (mM) bulk protein 
Biorex 70 Cation exchange >550 >95% 
S-Sepharose Cation exchange >500 >95% 
Phosphocellulose Cation exchange >650 >95% 
Y4 Affinity >400 nd 
Sephacryl S200HR Size exclusion na >49% 
DE52 Anion exchange >100 nd 
Heparin agarose Affinity >50 nd 
Q-Sepharose Anion exchange 0 0 
Phenyl agarose Hydrophobic No activity 
nd=not determined; na=not applicable 
Biorex 70 and S-Sepharose columns were chosen for scale up after the 
initial column screen (100-200 ml column volumes). Phosphocellulose (Whatman) 
was not chosen for scale up since it is only usable for 1 week after precychng. 
Scaled up S-sepharose and Biorex 70 columns performed as effectively as the 
anal3rtical scale columns in terms of the elution salt concentration. 
Several shifted bands in the mobility retardation assays coelute with the 
main TGP band except when testing fractions with very high activity peaks 
which contain the highest quantity of the 83 kDa band (Figiire 2A, fractions 6 and 
7). In addition, when concentrated fractions 6 and 7 are diluted over a gel filtration 
colimm, the minor bands reappear in the mobility retardation assays (data not 
shown). This suggests that the presence of these minor bands is dependent on the 
concentration of the 83 kDa band and represent (n-1) mers of the fiilly formed 
TGP complex. 
TGP was further purified by Affi-blue and Y4-affinity chromatography. The 
high Y4-binding-activity fractions from an S-Sepharose column were desalted, 
concentrated and loaded onto an Affi-blue column. The high activity fractions 
from the Affi-blue coliomn (fractions 19-23) were then desalted, concentrated and 
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loaded onto a Y4-afEnity for an addition 1.75 fold purification over the S-Sepharose 
column (Figure 3). The total fold purification of the 83 kDa protein is about 150 
fold over the SlOO starting material. Two bands (83 and 50 kDa) coelute with the 
highest Y4 binding activity (fi:action 15; Figure 3B) and are the most abundant 
proteins in the high activity fi:actions (Figure 4). The 83 kDa protein makes up 
approximately 0.5-1.5% of the total cell protein and the 50 kDa protein makes up 
approximately 0.1-0.4 % of the total cell protein. 
DISCUSSION 
We have reported the identification of the major component of TGP and its 
partial purification. UV cross-linking and preparative mobility shift assay 
analysis in conjxmction with SDS-PAGE analysis of high TGP-activity fi-actions 
reveal a dominant 83 kDa protein. Proteins in addition to the 83 kDa protein may 
be part of the complex, but these components, if any, are far less abundant than 
the 83 kDa protein. Three minor shifted bands below the main TGP band 
consistently coelute with the main TGP band except in the highest activity 
firactions where the concentration of the 83 kDa protein is the highest (Figure 2A, 
compare fi-actions 4 and 5 to fi'actions 6 and 7). This suggests that the presence 
of these minor bands is dependent on the concentration of the 83 kDa band and 
represent (n-l)mers of the TGP complex. The reappearance of the minor shifted 
bands after gel filtration may be due to dilution of the 83 kDa protein below a 
critical concentration necessary for complex formation or it may be due to the 
presence of a different protein involved in the TGP complex. Since there are four 
consistent bands, the TGP complex may be a homotetramer of the 83 kDa 
subimit. The minor bands could also represent a component of the complex other 
than the 83 kDa subunit which has not yet been identified. A 50 kDa protein 
consistently coelutes with TGP activity and is present in the most highly purified 
fi'actions of the Y4-affimty coltimn. This may represent an additional subtmit of 
TGP or a different G4 binding protein. The protein/G4-DNA complex in fi:actions 
17-19 (Figure 3B) shifts into the well. The 50 kDa protein is present in these 
firactions (Figure 4) but the 83 kDa protein is not indicating that the 50 kDa 
protein may aggregate under nondenaturing conditions. 
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Figure 4. 8% SDS-PAGE/silver stain analysis of column fractions. 83 and 50 kDa 
proteins are consistently present with the peak of TGPl Y4-binding-activity from 
different chromatographic separations. "M" contains molectilar weight standards. 
"SlOO " contains 5 X of a 1:50 dilution of SlOO extract. "[SS]" contains 10 A, of 
concentrated, peak-Y4-binding-activity fractions from an S-Sepharose column. 
"f[14-15]" and "[fl8-19]" contain 10 X of concentrated, peak-Y4-binding-activity 
fractions from a Y4 affinity column rtm after an S-Sepharose colimin (SS/Y4). 
"[SS/AB]" contains 10 X of concentrated, peak-Y4-binding-activity fractions from 
an Affi-blue column run after an S-Sepharose column, "[im] fl5 (or fl7)" and "[fl5] 
(or 17)" contain 10 X of imconcentrated ([un]) or concentrated peak-Y4-binding-
activity fractions from a Y4 affinity column run after S-Sepharose and Affi-blue 
columns (SSyAB/Y4). 
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TGP bound tightly to all cation exchange columns tested (S-Sepharose, 
Biorex 70, and Phosphocellulose) indicating that TGP has a basic domain. Basic 
domains have been identified in other G-DNA binding proteins such as 
topoisomerase II, macrophage scavenger receptors and the p subunit of the 
Oocytricha telomere end-binding protein. It is the basic domain that has been 
proposed to provide a surface which brings four strands of G-rich DNA into close 
proximity so that the formation of a G-quartet structure is facilitated by 
increasing the local DNA concentration (Fang & Cech, 1993). 
In attempts to study the biological role of G-quartet DNA structures in 
vivo, the study of proteins that bind these structures has proved to be a usefial 
approach. A model for the biological function of one of these proteins (KEM 1) has 
been proposed by Liu and Gilbert (Liu & Gilbert, 1994). They propose that a 
parallel-stranded G4-DNA structure is formed by the G-rich strands of the 
bivalent during meiotic recombination and bound by the KEM 1 protein. The 
nuclease activity of KEM 1 then cleaves strands to be recombined and the strand 
exchange activity follows to transfer of chromosomal segments between 
homologues. The proposed model may be the mechanism responsible for 
recombination of G-rich sequences such as telomeres and immunoglobuUn switch 
regions. In support of the proposal that G4-DNA structures have a role in meiotic 
recombination, telomeric sequences have been found to strongly stimulate meiotic 
recombination (White et al., 1993). Furthermore, RAP 1, which has been shown 
to bind telomeres in vivo (Conrad et al., 1990) and G-DNA structxires (Giraldo & 
Rhodes, 1994), stimulates meiotic recombination (White et al., 1991). A clue to 
the biological role of TGP may be provided by its preference for binding Cr-DNA 
molecules having a long single stranded tail adjacent to the G-quartet region 
(Schierer & Henderson, 1994). The single strand binding property allows TGP to 
fit into the model described for the KEM 1 protein's involvement in meiotic 
recombination described above. 
Once antibodies to the KEM 1 protein are made, cytological studies can be 
performed to test whether this protein is associated with the synaptonemal 
complex during meiosis. Furthermore, antibodies to this protein may be useful in 
disrupting meiotic recombination in wild type cells. Evidence such as this will 
strongly support the involvement of the KEM 1 protein in meiosis. Another useful 
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approach wotild involve making antibodies to the G4-DNA structures themselves 
as has been done with Z-DNA, but this approach has yet to be accompUshed. 
Our resiolts lend further evidence that G4-DNA binding proteins are 
conserved throughout divergent organisms and may provide an opportunity to 
study the locahzation of G-DNA binding proteins. As explained in the introduction, 
a protein which only binds to parallel-stranded Gr-DNA may be localized 
exclusively in the micronucleus since the macronucleus does not \mdergo meiosis. 
This h3rpothesis can be tested once labeled antibodies against TGP are made. 
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GENERAL CONCLUSIONS 
Chapter 1 described the identification of a protein fi-om the ciUated 
protozoan Tetrahymena thermophila, TGP, that binds to parallel-stranded G4-
DNA. TGP was identified using mobility retardation assays to test Tetrahymena 
extracts for the presence of proteins that bind to G-DNA structures but not to 
duplex or single-stranded DNA. In binding competition experiments, molecules 
capable of forming G4 structures competed for binding to TGP, but non-G4 
forming molecules did not. TGP binding also requires a single-stranded region 
adjacent to the G4 structure. It was also determined that Mg2+ facilitates the 
formation of parallel-stranded G4-DNA structures and that high oligonucleotide 
concentrations are not required to drive formation of these structures. In addition, 
G4-DNA and TGP/G4-DNA complexes form readily under physiological salt 
conditions. These data support the proposal that G4-DNA structures exist in 
vivo. In Chapter 2, the further characterization and purification of TGP has been 
pursued. The main component of TGP is an 83 kDa protein that possibly binds to 
G4-DNA as a homomultimer. Chromatography matrices most useful for TGP 
purification include the cation exchangers S-Sepharose and Biorex 70. 
In relation to the overall goal of determining a biological role for G-quartet 
structures and the proteins which bind them in the cell, TGP has some important 
characteristics in common with other G-DNA binding proteins. It binds 
preferentially to G4-DNA molecules having a single-stranded region adjacent to 
the G-quartet structure portion of the molecule. At least three other G-DNA 
binding proteins have been shown to possess this characteristic including the 
Oxytricha 3 subvmit (Fang & Cech, 1993), topoisomerase II (Chung et al., 1992) 
and the KEM 1 protein (Liu & Gilbert, 1994). Topoisomerase II and KEM 1 both 
cleave the single stranded region 5' to the Gr-quartet region. In the model proposed 
for the function of the KEM 1 protein, the cleaved single strands are transferred to 
the recipient homologue during meiotic recombination (liu & Gilbert, 1994). The 
single strand binding property of TGP indicates that it could also be implicated in 
meiotic recombination. The possible involvement of TGP in recombination can be 
tested in vitro with strand exchange assays. These assays have been used to 
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characterize the mechanism by which bacterial Rec A and eukaryotic Sep 1 
proteins promote homologous pairing and strand exchange (Tishkoff et al., 1991). 
Another important characteristic of G-DNA binding proteins, in cases 
where it is known, is the presence of a basic domain thought to provide a surface 
which brings G-rich strands into close proximity to facilitate G-DNA structure 
formation. The proposed function of the basic domain in vivo is to act as a 
molecular chaperone for nucleic acid structure formation (Fang & Cech, 1993). 
Fang and Cech (1993) showed that the Oxytricha P subunit strongly promotes the 
rate of formation of G-DNA structures. It is likely that TGP has a basic domain 
such as that possessed by the Oxytricha P subimit since TGP binds almost 
exclusively to cation exchange columns. 
In summary, TGP has properties consistent with a role in meiotic 
recombination such as that implicated for other G-DNA binding proteins. Future 
research involving TGP can be modeled after the Oxytricha p subunit. After 
purification of this protein along with the a subunit in 1987 (Price & Cech, 1987), 
it reqmred 4 more years to clone and express the genes for these proteins in E. colt 
(Gray et al., 1991). Two more years were required for kinetic characterization of 
its ability to promote the formation of G-DNA structxires (Fang & Cech, 1993). 
Characterization of TGP such as has been done with the Oxytricha P subimit will 
likely reveal properties that provide insight into its biological function. 
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Telomeric DNA of Tetrahymena thermophila consists of a long stretch of (TTGGGG)„ double-stranded 
repeats with a single-stranded (TTGGGG); 3' overhang at the end of the chromosome. We have identified and 
characterized a protein that specifically binds to a synthetic telomeric substrate consisting of duplex DNA and 
the y telomeric repeat overhang. This protein is called TEP (telomere end-binding protein). A change from G 
to A in the third position of the TTGGGG overhang repeat converts the substrate to a human telomere analog 
and reduces the binding affinity approximately threefold. Changing two G's to C's in the TTGGGG repeats 
totally abolishes binding. However, permutation of the Tetrahymena repeat sequence has only a minor effect on 
binding. A duplex structure adjacent to the 3' overhang is required for binding, although the duplex need not 
contain telomeric repeats. TEP does not bind to G-quartet DNA, which is formed by many G-rich sequences. 
TEP has a greatly r^uced affinity for RNA substrates. The copy number of TEP is at least 2 x 10"* per cell, 
and it is present under different conditions of cell growth and development, although its level varies. UV 
cross-linking experiments show that TEP has an apparent molecular mass of ~65 kDa. Unlike other telomere 
end-binding proteins, TEP is sensitive to high salt concentrations. 
Telomeres are the natural ends of eukaryotic chromosomes. 
They protect chromosomes from nuclease degradation and 
from end-to-end ligation, ensure complete replication of chro­
mosomes, and are involved in chromosome organization and 
nuclear architecture (2,22,34,47). Telomeres typically contain 
an array of short (5- to 8-bp) sequence repeats which are G rich 
in the strand that extends to the 3' end of the chromosome (2, 
22, 34, 47). In those cases studied in molecular detail, it has 
been shown that the G-rich strand forms a 3' single-stranded 
overhang of 12 to 16 nucleotides at the chromosomal termi­
nus (20, 25, 32). Most telomeric sequences fit the consensus 
C,^(T/A),^ (2, 22, 34, 47). 
It is important to characterize proteins that bind to telo­
meres because they are intimately involved in telomere-medi-
ated chromosome stabilization. Moreover, telomere-binding 
proteins must interact with telomerase, an enzyme involved in 
telomere replication and maintenance, whose activity is impli­
cated in both cancer and aging (10). Telomeric DNA is asso­
ciated with two types of proteins in vivo. Internal telomere-
binding proteins interact with the duplex region of telomeric 
repeats. These include PPT, identified in Physamm polyceph-
alum, and RAPl, identified in the yeast Saccharomyces cerevi-
siae (3, 4, 8, 9, 27). PPT is a 10-kDa heat-stable protein that 
binds specifically to the duplex region of the telomeric se­
quence (TiAGjJn and is thought to cover the length of the 
telomere (8). RAPl is a multifunctional protein that, in addi­
tion to binding telomeric repeats in yeast cells, binds to the 
upstream activating sequences of many genes and to silencer 
elements. Underexpression of RAPl reduces telomere length, 
whereas overproduction increases both telomere length and 
heterogeneity (7, 28, 41). Another internal duplex telomere-
binding protein has been characterized in extracts of mamma­
lian cells and may bind along the length of mammalian telo­
meres (48). 
* Corresponding author. Mailing address: 2112'MolecuIar Biology 
Building, Iowa State University, Ames. LA 50011. Phone and fax: (515) 
294-2876. Electronic mail address: e_henderson@molebio.iastate.edu. 
A second type of telomere-binding protein binds specifically 
to the duplex and 3' overhang structures at the telomeric 
terminus. Telomere end-binding proteins have been isolated 
from Euplotes crassus and Oxytricha nova and have recently 
been identified in Xenopus egg extracts (5,15,16, 33, 35). The 
proteins from the ciliate species bind specifically to the T4G4 or 
T4G2 repeats at the 3' overhang and protect the telomeric 
DNA from chemical modification and Bal 31 nuclease diges­
tion (15, 16, 33, 35, 36). These protein-telomeric DNA com­
plexes are resistant to high concentrations of salt (e.g., 2 M 
NaCl or 6 M CsCl) (33, 35). The Oxytricha telomere end-
binding protein is a 98-kDa heterodimer containing subunits of 
56 kDa (a subunit) and 41 kDa (jj subunit). Although both 
subunits are required for maximal binding activity, the binding 
domain is located entirely in the a subunit. The DNA binding 
activity is stabilized when the 3 subunit is present. The Euplotes 
end-binding protein has a single subunit of 51 kDa (33), which 
is homologous to the a. subunit of the Oxytricha protein (42). 
To further characterize the interaction between telomeric 
DNA and telomere-binding proteins, we have identified a pro­
tein (telomere end-binding protein [TEP]) from Tetrahymena 
thermophila that binds specifically to the 3' overhang telomeric 
repeats of synthetic telomeres. Our results show that both the 
('ITGGGG)2 telomeric overhang sequence and the duplex 
structure adjacent to it are necessary for TEP binding activity. 
This protein is distinct from previously identified telomere 
end-binding proteins in that its binding is salt sensitive. Puri­
fication of TEP will provide an excellent opportunity to further 
investigate the interaction between a telomere end-binding 
protein and telomerase (17) in T. thermophila, the organism in 
which telomerase is best characterized. 
MATERIALS AND METHODS 
Preparation of cell extracts. Mating<ell extracts were prepared as described 
previously (18), with several modificalions. Briefly, strains C3V and C3nnml 
were grown to mid-log phase (3 x lo® to 5 X lO' cells per ml) at 30°C. Cells were 
then washed twice with 10 mM Tris-CI (pH 7.S) and resuspended In an equal 
volume of the wash buffer. After starvation for 24 h, cells from the two strains 
were mixed together and incubated for 9 h without shaking. Pairing efficiency was 
greater than 90%. Cells were harvested by centrifugation and resuspended in 5 
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volumes of TMG buffer (10 mM Tris-CI [pH 7.5]. 1 mM MgClj, 10% glycerol. 10 
|ig of pefabloc [Boehringer Mannheim] per ml, 1 |ig of pepstatin per ml, I |ig of 
leupeptin per ml, 10 mM 3-mercaptoethanol). One-tenth volume of 2% Nonidet 
P-40 in TMG was added immediately to lyse the cells, and the mbiture was stirred 
at 4°C for 30 min. The lysate was then subjected to ultracentrifugation at 100,000 
X g for 1 h at 4°C. The supernatant, termed SlOO, was quickly frozen in liquid 
nitrogen and stored at -80°C. Protein concentration was determined by the 
Bradford method. As a control for the mating-cell extract, starved cells from the 
two strains were muced together and harvested immediately. 
Mid-log-phase cell extract was prepared when the cell densities reached 5 x 
10' cells per ml (for C3V cells) and 3 x lO' cells per ml (for CSrmml cells). 
Stationaty-phase cell extract was prepared after cells had been grown to 1.S x 
10" cells per ml (OV) and 8 x 10® cells per ml (Ormml). For preparation of 
extracts from starved cells, cells were grown to mid-log phase and starved for 33 
h before harvesting. 
Preparation of DNA substrates. DNA oligonucleotides were synthesized on an 
automated DNA q>nthesizer (Applied Biosystems) and purified by electrophore­
sis in 20% denaturing (7 M urea) polyacrylamide gels. DNA bands were visual­
ized by UV shadowing, cut from the gel, and eluted by shaking in Tris-EDTA 
(pH 7.S) overnight. Gel-purified oligonucleotides were then desalted by Cig 
(Waters) column chromatography. Oligonucleotides were 5' end labeled with 
[7-^^P]ATP by T4 polynucleotide kinase and were purified again on 12% dena­
turing (7 M urea) polyacrylamide gels. Usually the G-rich strands were end 
labeled and annealed to unlabeled complementaty strands. Duplexes were 
formed by boiling a labeled G strand with a S- to 10-fold molar excess of 
unlabeled complementary strand for 2 min in the presence of 10 mM Tris-Cl (pH 
7.5) and 100 mM LiCI (to minimize G-DNA formation (45, 46]) followed by 
cooling in a 4rC heat block for 1 h. The amount of labeled oligonucleotide in 
duplex form was determined by running the renatured sample on a 20% non-
denaturing polyacTyiamide gel. For experiments described in this report, approx­
imately 95% of G strands were present in the duplex form. 
Preparation of RNA substrates. The RNA oligonucleotide ST(S)R was de­
rived from the in vitro transcription of a specific DNA template containing a T7 
RNA polymerase promoter sequence and the complementary sequence of the 
anticipated RNA product. 
Two DNA oligonucleotides (A [5' TAATACGACTCACTATAG 3'] and B [3' 
ATTATGCrGAGTGATATCTTTGAGCTGATCACGTAGCTGAACCCCA 
ACCCC 5']) were synthesized and purified as described above. The oligonucle­
otides were allowed to anneal by boiling together for 2 min in 10 mM Tris-Cl (pH 
8)-IOO mM LiCI and slowly cooling to room temperature. The resultant DNA 
template contained a duplex region corresponding to the 17-bp conserved pro­
moter sequence for T7 RNA polymerase and a single-stranded region represent­
ing the complementaty sequence of ST(S)R. which was generated and radiola­
beled by in vitro transcription as described previously (31). Typical reaction 
mixtures contained 40 mM Tris-Cl (pH 7.5), 6 mM MgCU, 2 mM spermidine. 10 
mM NaCI, 1 mM dithiothreitol (D1T). 1.3 U of RNasin (Promega) per nl. 1 mM 
rATP, rGTP, and rCTP, 40 nM rUTP, 6 |iM [a-'-P]rUTP. 40 nM DNA tem­
plate, and 30 U of T7 RNA polymerase. The reaction mixture was incubated at 
37°C for 2 h and resolved on a denaturing (7 M urea) 20% polyacrylamide gel. 
The location of full-length ST(S)R was determined by using an RNA molecular 
size marker generated by in vitro transcription of No/I-linearized pBluescript SK 
II (Stratagene). using T3 RNA polymerase. The full-length radiolabeled ST(S)R 
was cut out from the gel. eluted overnight with 400 |il diethylpyrocarbonate-
treated water at room temperature, ethanol precipitated, and resuspendcd with 
diethylpyrocarbonate-treated water. The nonspecific RNA competitor (51 nucle­
otides) used in the electrophoretic mobility retardation assay (EMRA) (see 
below) was derived from the in vitro transcription of //mdlll-linearizcd pBlue­
script SK n, using T7 RNA polymerase. 
EMRA. Radiolabeled DNA probe (0.06 to 0.08 pmol) was incubated with 
crude cell extract (SIOO, containing 2 to 5 ixg of protein) in 20 |il of EMRA buffer 
{10 mM Tris-Cl (pH 7.5). lOO to 150 mM KQ or LiCI. 5 mM MgO,, 1 mM DTT. 
4 to 10% glycerol, 25 to 50 ng of polyld(I-C)] per iiI). After incubation for 20 to 
30 min at room temperature, the mbiture was separated on a 5% polyacrylamide 
gel (Protogel; National Diagnostics) in 0.6X TBE (54 mM Tris-borate (pH 8.3], 
I mM EDTA) at 10 V/cm for 1.5 h. Gels were dried under vacuum at 80°C. and 
protein-DNA complexes were visualized by autoradiography or analyzed with a 
Phosphorlmager (Molecular Dynamics). For experiments using RNA as a probe 
or competitor, the gel box and glass plates were treated with a 1:250 dilution of 
diethylpyrocarbonate to inactivate RNases. In addition, 1 |il (26 U) of RNasin 
(Promega) was added to each reaction mixture before SIOO was added. 
Salt stability. To test the salt stability of the DNA-TEP complex, binding 
assays were carried out at various salt (LiCI) concentrations. LiCI was used in the 
assay because it decreases guanine quadruplex formation, whereas Na* and K'' 
can facilitate the formation of that DNA structure (46). In addition, two proce­
dures were used to ensure that each binding reaction occurred under defined 
conditions. First, glycerol (up to 10%) was added to increase the viscosity of the 
reaction mutture just before loading, so that the salt conditions of the binding 
reactions would not be easily changed by mixing with the gel running buffer 
during loading. Second. EDTA was added to a final concentration of 10 mM just 
before the samples were loaded onto a running gel. This inhibited further 
binding because Mg-*. which is required for DNA-TEP interaction (data not 
shown), was chelated by the excess EDTA. For salt stability studies, the reaction 
TABLE 1. Oligonucleotide probes and competitors 
Oligonucleotide" Sequence 
ST (S) 4 5' AAAACTCGACTAGTGCATCGACTTGGGGTTGGGG 
ST (D) 4 5' AAAACTCGACTAGTGCATCGACTTGGGGTTGGGG 
3' TTTTGAGCTGATCACGTAGCTG 
SI (S) 4 5' AAAACTCGACTTGGGGTTGGGGTAGTGCATCGAC 
SI (D) 4 5' AAAACTCGACTTGGGGTTGGGGTAGTGCATCGAC 
3' TTTTGAGCTGAACCCCAACCCC 
NS (S) 5' AAAACTCGACTAGTGCATCGACCTCAAGAACTCA 
NS (D) 5' AAAACTCGACTAGTGCATCGACCTCAAGAACTCA 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) GC 5' AAAACTCGACTAGTGCATCGACTTGCGCTTGCGC 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) 1 5' AAAACTCGACTAGTGCATCGACGGGTTGGGGTTG 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) 2 5' AAAACTCGACTAGTGCATCGACGGTTGGGGTTGG 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) 3 5' AAAACTCGACTAGTGCATCGACGTTGGGGTTGGG 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) 0 .5' AAAACTCGACTAGTGCATCGACGGGGTTGGGGTT 
3' TTTTGAGCTGATCACGTAGCTG 
ST (D) H 5' AAAACTCGACTAGTGCATCGACTTAGGGTTAGGG 
3' TTTTGAGCTGATCACGTAGCTG 
TeLOOP A'^GGGGTTGGGGTTGGGGTTGGGG 3' 
AgAACCCCAACCCC 5' 
ST (D) R 5' GlUiiACUCGACUAGUGCAUCGACUUGGGGUUGGGG 
(^204)4 5' UUGGGGUUGGGGUUGGGGUUGGGG 
" ST, specific tail: SI, specific internal: (D). double stranded: (S). single strand­
ed: NS, nonspecific sequence; H, human telomere sequence (TTAGGG): GC. 
mutated version (TTGCGC) of the telomere sequence; R, RNA version 
(UUGGGG) of the telomere sequence: 0 to 4, number of G's at the end of the 
telomeric sequences. 
matures were incubated on ice for 30 min before loading. Gel electrophoresis 
and autoradiography were performed as described for the EMRA procedure. 
Estimation of TEP abundance. In a series of binding assays, various amounts 
of crude ccll extract (SIIIO) were incubated with a constant amount of ST(D)4 
probe (Table 1). The mixtures were subsequently loaded onto a gel as described 
above. Radioactivity in specific bands on the gel was quantitated with a Phos­
phorlmager (Molecular Dynamics). The number of DNA molecules bound by 
TEP was calculated from the quantitated bound/total ratio and the total number 
of probe molecules used in each reaction. Assuming that each TEP molecule 
binds one DNA molecule, the number of bound TEP molecules should be the 
same as that of the hound DNA molecules. The abundance of TEP in Tenahy-
menu cells was then estimated from the number of TEP molecules and the 
number of cells that gave rise to the amount of SKH) extract present in each 
binding assay. 
UV cross-linking. For UV cross-linking in solution, 0.1 pmol of radiolabeled 
oligonucleotides |ST(D)4. ST(S)4. and NS(D): Table 1] was incubated with -6 
(ig of SIOO cell extract at room temperature for 10 min in the presence or 
absence of competitors 1ST(D)4, NS(D). ST(S)4. and NS(S): Table 1]. Each 
reaction mixture contained HI mM Tris-CI (pH IS). 1 mM EDifA. 5 mM MgCI,. 
1 mM DTT, 10% glycerol, and 100 ng of poly[d(I-C)] per |il in a lO-jil volume. 
After the incubation, the reaction mixtures were irradiated with 254-nm light for 
30 min and separated by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel 
electrophoresis (PAGE). Gels were dried under vacuum at 80°C, and protein-
DNA complexes were visualized by autoradiography. 
For UV cros.s-linking in situ, radiolabeled ST(D)4 probe (0.8 pmol) was 
incubated with SIOO cell extract (5 )ig) in 20 |il of reaction buffer containing lU 
mM Tris-CI (pH 7.5). 100 mM LiQ, 5 mM MgCIa, 1 mM EDTA, 4% glycerol, 
and 4 )ig of poIy[d(I-C)]. After incubation at 4°C for 20 min, the mixture was 
separated on 5% polyacrylamide gel as described above. Cross-linking of DNA 
and TEP was carried out by exposing the wet gel to 254-nm light for various 
times. Shifted DNA-TEP complexes were visualized on an X-ray film that had 
been exposed to the UV-irradiated gel tor 4 h at 4''C. The UV cross-linked 
complexes were excised from the gel and denatured by boiling for 5 min in 100 
111 of sample buffer (1% SDS, 3 mM DTT, 125 mM Tris-CI |pH 6.8]). As a 
control, an equivalent gel slice that contained free DNA probe was also excised 
from the gel and subjected to the same denaturation treatment. The gel slices 
were then placed side by side between two glass gel plates about I cm from the 
top edge and were polymerized direct^ into the stacking gel. Protein size mark­
ers were loaded in an adjacent well. SDS-PAGE was performed as described 
above. 
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FIG. I. Identification of TEP. EMRA (see Materials and Methods) was performed with ST(D)4 [duplex oligonucleotide with a specific (T^Gj); overhang and 
nonspecific internal sequence; lanes I to 8J. NS(p) (duplex oligonucleotide with nonspecific internal and overhang sequences; lanes 9 to 13). SI(D)4 (specific (T^Gj); 
internal sequence and nonspecific overhang; lanes 14 to 18], or ST(D)GC [a mutated version of ST(D)4; lanes 19 to 2I| as a probe and increasing amounts of crude 
cytoplasmic extract (SlOO) from mating cells (lanes 2 to 4). The amount of protein used in the assay is indicated above each lane. In competition experiments, unlabeled 
ST(D)4 (lanes 5.6,10.11.16,17, and 20), or NS(D) (lanes 7.8.12,13. and 21), or SI(D) (lane 18) was used as the competitor. The molar excesses of the competiinrs 
ate indicated above the lanes. One microgram of unlabeled polyld(I-C)) as a nonspecific competitor was present in all experiments. The arrow marks (he DNA-TEP 
complex. The arrowheads indicate nonspecific complexes. 
RESULTS 
Identification of TEP. EMRAs were used to identify com­
plexes between cellular proteins and a synthetic DNA probe 
that mimics the structure found at natural telomeres. This 
probe, ST(D)4 (see Table 1 for names and description of all 
probes used in this study), has a duplex portion of ran­
dom sequence and a 3' extension consisting of two telo-
meric repeats, (TTGGGG)2. EMRA analysis of SlOO extract 
from mating cells by using ST(D)4 as the probe revealed a 
specific DNA-protein complex that migrated more slowly 
than the free probe (Fig. 1, lanes 1 to 4). A 10-fold and a 
30-fold molar excess of unlabeled ST(D)4 efifectively competed 
with the labeled probe for complex formation (Fig. 1, lanes 
5 and 6). In contrast, a 30-fold and a 100-fold molar excess 
of a nonspecific competitor with a similar structure but an 
altered sequence in the 3' overhang [NS(D); Table 1] did not 
compete with ST(D)4 (Fig. 1, lanes 7 and 8). Quantitation of 
the results from several experiments showed that a 10-fold 
molar excess of unlabeled ST(D)4 competed for more than 
90% of the binding activity (Fig. 1, lane 5; see also Fig. 3, lane 
2), whereas a 100-fold molar excess of unlabeled NS(D) com­
peted for less than 20% (Fig. 1, lane 8: see also Fig. 3, lane 4). 
When radiolabeled NS(D) was used as the binding substrate 
under conditions identical to those used for ST(D)4, no shifted 
band was observed (Fig. 1, lanes 9 to 13). ST(D)4 and NS(D) 
have exactly the same sequence in their double-stranded por­
tions, differing only in the 3' overhang, which is (TTGGGG), 
in ST(D)4 but a random sequence in NS(D). Other experi­
ments indicated that binding did not occur if the teiomeric 
sequence was located internally in the duplex region of the 
probe (see below). Taken together, these results suggest that 
the binding observed with ST(D)4 is dependent upon the teiomeric 
repeat sequence in the 3' overhang, as would be expected for a 
telomere end-binding protein. TEP activity can be attributed to a 
protein(s), since proteinase K or heat treatment (75°C) of SlOO 
extracts could abolish its binding with ST(D)4 (data not shown). In 
addition, complex formation between TEP and ST(D)4 was not 
altered in the presence of RNase A (data not shown), suggesting that 
RNA is not a component of TEP. 
In addition to the specific DNA-TEP complex, two faster-
migrating complexes (arrowheads in Fig. 1) were also delected. 
Neither their appearance nor their susceptibility to competi-
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FIG. 2. TEP is salt sensitive. ST(D)4 was used as a probe in the presence of S |ig of SlOO protein from mating cells in each binding assay. The salt (LiG) 
concentration is indicated above each lane. More glycerol (up to 10%) was added just before the samples were loaded onto a running gel (see Materials and Methods). 
One microgram of unlabeled poly[d(I-C)] as a nonspecific competitor was present in all experiments. The arrow marks the DNA-TEP complex. 
tion in binding experiments was reproducible, suggesting that 
they probably resulted from nonspecific DNA-protein interac­
tions. 
TEP binding activity is sensitive to high salt concentrations. 
Previous studies have shown that telomere end-binding pro­
teins found in O. nova, E. crassus, and Xenopus egg extracts are 
resistant to high salt concentrations (e.g., 2 M NaCl) (4, 33, 
35). In contrast, the Tetrahymena DNA-TEP complex is salt 
sensitive (Fig. 2). Optimal binding for TEP occurred at 0 to SO 
mM LiCl, and the binding activity decreased at higher salt 
concentrations. More than 90% of the binding activity was lost 
when the salt concentration reached 450 mM (Fig. 2). This 
result explains why high-salt extraction protocols that were 
successfully used to purify telomere end-binding proteins in 
other systems were not successful with T. thermophila (data not 
shown). 
TEP specifically recognizes the 3' overhang of DNA sub-
strates. If TEP is a telomere end-binding protein with prop­
erties similar to those found in other species, it would be 
expected to show specificity with regard to both sequence and 
arrangement of the two repeats in the 3' overhang. To inves­
tigate the sequence specificity, a DNA substrate with an over­
hang containing the human telomere repeat sequence TTA 
GGG [ST(D)H; Table 1] was used in competition experiments 
with radiolabeled ST(D)4 as the probe. Figure 3 shows that the 
human telomeric sequence competed somewhat less effectively 
than its Tetrahymena counterpart: ST(D)H required at least a 
30-fold molar excess to achieve the same level of competition 
as was observed with a 10-fold molar excess of unlabeled 
ST(D)4 (Fig. 3; compare lane 2 with lanes 5 to 7). When the 3' 
overhang of the radiolabeled probe was changed from (TT 
GGGG)2 to (TTGCGQz, no shifted band was detected (Fig. 
1, lanes 19 to 21). Thus, TEP can distinguish telomeric from 
nontelomeric sequences but has only slightly reduced afiinity 
for telomeric sequences from phylogenetically distant species. 
To determine whether permutation of the Tetrahymena G-
strand sequence alters the binding efiRciency of TEP, a series of 
oligonucleotides with the same length of 3' overhang but dif­
ferent arrangements of G's within the (TTGGGG)2 sequence 
were tested in competition experiments (Fig. 3). The relative 
ability of these oligonucleotides to compete for TEP was 
ST(D)4 " ST(D)3 » ST(D)2 « ST(D)1 > ST(D)0 ^ NS(D). 
Therefore, the permutation of the telomere repeat is not crit­
ical as long as G's are present at the 3' end. 
TEP does not bind G-DNA. G-rich telomeric and nontelo­
meric oligonucleotides are capable of forming unusual struc­
tures that are extremely stable (G-DNA, a four-stranded ar­
rangement stabilized by G tetraplexes [39]). Therefore, it was 
of interest to determine whether the double-stranded DNA 
substrates used in this study could form such structures under 
the assay conditions used. Various combinations of oligonu­
cleotides were allowed to interact with one another under the 
binding assay conditions (except that SlOO was not present in 
the mixture) and examined on 12% nondenaturing polyacryl-
amide gels previously shown to reveal structural variability in 
telomeric oligonucleotides (21, 46). Under these conditions, 
DNA bands were observed only in positions expected for 
Watson-Crick duplexes; no aberrantly migrating species were 
detected (data not shown). Furthermore, when Li^, known to 
decrease the stability of G-quartet structures, was used as the 
monovalent cation in binding assays, complex formation was 
not impaired (Fig. 2 and 4). Finally, when ST(S)4 was induced 
to form an intermolecular G-quartet DNA complex in the 
presence of K"^, TEP did not bind it (data not shown). Taken 
together, these results demonstrate that TEP does not require 
a G-DNA structure for binding. 
TEP requires a duplex structure adjacent to the 3' over­
hang. Complexes formed between SlOO proteins and G-rich 
single-stranded substrates [e.g., ST(S)4 and SI(S)4] were non­
specific in nature and therefore probably unrelated to TEP 
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FIG. 3. Effect of alteration and permutation of G-strand overhang sequence on TEP binding. Radiolabeled ST(D)4 (0,06 pmol) was incubated with SIQO cxtract 
(2.3 (ig) from mating cells in the presence of different competitors. Lane 1. no competitor: lane 2. ST(D)4; lanes 3 and 4. NS(D): lanes 5 to 7. ST(D)H: lanes 8 to 10. 
ST(D)0; lanes 11 and 12, ST(D)3: lanes 13 and 14. ST(D)2: lanes 15 and 16. ST(D)1. All of these oligonucleotides have the same duplex sequence (Table I). The molar 
excess of the competitor is indicated above each lane. TTie arrow marks the DNA-TEP complex. The arrowhead indicates a nonspecific complex. The numbers below 
the lanes indicate the residual DNA-TEP complex (compared with lane 1) in the presence of a lU-fold molar excess of indicated competitors. One microgram of 
unlabeled poly[d(I-C)] as a nonspecific competitor was present in all experiments. 
(Fig. 4 and data not shown). In these experiments, the com­
plexes that formed did not migrate to the same position as that 
of TEP (Fig. 4A, lane 16; Fig. 4B, lane 6). The nonspecific 
nature of the complexes was further demonstrated by binding 
competition experiments in which complex formation could be 
altered to the same extent by specific and nonspecific compet­
itor oligonucleotides (Fig. 4A, lanes 17 and 18; Fig. 4B, lanes 
7 and 8). In these experiments, the single-stranded probe was 
not limiting since excess free probe is evident at the bottom of 
the gel (Fig. 4). A TEP band is seen in competition between 
NS(D)4 and radiolabeled ST(S)4 but not in the competition 
between ST(D)4 and ST(S)4 (Fig. 4, lanes 9 and 10, respec­
tively). This is explained as follows. Preparation of the unla­
beled duplex competitors required addition of excess comple­
mentary strand to ensure 100% duplex formation with regard 
to the overhang strands [ST(S)4 and NS(S)4). The excess com­
plementary strand complexed with the radiolabeled ST(S)4 
probe, forming radiolabeled ST(D)4. In lane 9, in which there 
was a 30-fold molar excess of unlabeled ST(D)4, the radiola­
beled ST(D)4 that formed was effectively competed for, and no 
TEP band was visible. However, in lane 10, the unlabeled 
competitor, NS(D)4, although present in 30-fold molar excess 
over the labeled probe, was unable to compete for TEP bind­
ing with the small amount of radiolabeled ST(D)4 that formed, 
and therefore a TEP band is visible. Taken together, these data 
strongly indicate that TEP requires both the duplex and over­
hang portions of the substrate for binding, as would be ex­
pected for a telomere end-binding protein (15, 16, 33, 35, 42). 
To investigate the sequence requirements in the duplex do­
main for TEP binding, an oligonucleotide containing the se­
quence (TTGGGG), in the duplex portion near a random 
sequence 3' overhang. SI(D)4, was used as a probe in the 
binding assay. As shown in Fig. 1, lanes 14 to 18, and Fig. 4, 
lanes II to 14. no complex formation was observed under the 
conditions used. Furthermore, when an oligonucleotide con­
taining both telomeric duplex and overhang regions was used 
in competition experiments, it competed only marginally better 
than ST(D)4 (data not shown). This oligonucleotide (Te-
LOOP; Table 1) contained a tetraloop sequence that mini­
mized formation of slipped structures which would lack the 
desired overhang and confuse interpretation of competition 
data. Thus, it appears that TEP binding specificity is dictated 
by the G-strand overhang and an adjacent duplex, but that the 
duplex sequence requirements are quite relaxed and telomeric 
repeats are not required. 
TEP prefers a free 3' end. To test whether the presence of a 
free 3' end is important for TEP binding, several DNAs in 
which two single-stranded TTGGGG repeats occupy internal 
positions were used as competitors. The competitors contained 
duplexes at either end or both ends. As shown in Fig. 5, none 
of these three molecules competed as efficiently as ST(D)4, 
which contains the two single-stranded TTGGGG repeats at 
the 3' end. These results indicate a strong preference of TEP 
for substrates with single-stranded TTGGGG repeats at a free 
3' end, as would be expected for a telomere end-binding pro­
tein. 
TEP does not efficiently bind to RNA oligonucleotides. To 
investigate the affinity of TEP for RNA analog of telomeric 
sequence, an RNA oligonucleotide [ST(S)R] with the same 
sequence as that of ST(S)4 (except one nucleotide at the 5' 
end) was generated by in vitro transcription (see Materials and 
Methods). The integrity of the RNA was verified electro-
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FIG. 4. Both the (TTGGGG)2 overhang and the adjacent duplex are required for TEP binding. (A) Various probes were incubated in the presence (+) or absence 
(-) of S (igof Sion protein from mating cells. LiCI was present at ISO mM in all binding assays. Lanes 1 to 6, ST(D)4; lanes 7 to 10, NS(D); lanes II to 14, SI(D)4: 
lanes 15 to 18. SI(S)4. For the competition experiments, unlabeled ST(D)4 (lanes 3,4.9, 13, and 17) or NS(D) (lanes S, 6,10,14, and 18) was used as a competitor. 
The molar excess of the competitor is indicated above each lane. Binding assays in lanes 1.2,7,8.11,12, IS, and 16 did not contain any competitor. The arrow marks 
the position of the DNA-TEP complex. (B) Radiolabeled ST(D)4 (lanes 1 to 4) or ST(S)4 (lanes S to 10) was incubated with or without 6 |ig of SlOO extract from starved 
cells and examined by EMRA (as described in Materials and Methods except that KCI or LiCI was omitted and 1 mM EDTA was present). Lane 1. 2. S. and 6. no 
competitors; lanes 3 and 9. specific competitors; lanes 4 and 10. nonspecific competitors: lanes 7 and 8, single-stranded specific and nonspecific competitors. The molar 
exccss of each competitor is indicated below the competitor designation. The position of the DNA-TEP complex is aligned with that in panel A. One microgram of 
unlabeled poly|d(I-C)] as a nonspecific competitor was present in all experiments. 
phoreticaily before it was used in the binding assays (data not 
siiown). When ST(S)R was incubated with SlOO extract in the 
presence of a 50-fold molar excess of nonspecific single-
stranded RNA, only one radioactive complex was detected 
(Fig. 6A). It is unlikely that TEP was responsible for this 
RNA-protein complex, because the latter moved much faster 
than TEP-DNA complex on the same gel (Fig. 6A, lanes 1 and 
3). Moreover, binding competition assays revealed that the 
RNA-protein interaction is nonspecific in nature, since ST(D)4 
(specific) and NS(D) (nonspecific) competitors had equivalent 
effects on the complex formation (Fig. 6A, lanes 3 to 5). Further­
more, when a (UUGGGG)^ RNA oligonucleotide [(UjGj)^; 
<5^^' fv ,x N <v 
^ <5?' 



















Comp. 3 5* AAAACTCGACTAGTGCATCGACTTGGGGTTGGGGAGTTCTCCGCCTGCAGC 
TCAAGAGGCGGACGTCG 
FIG. 5. TEP prefers (TTGGGG)^ repeats at a free 3' end. (A) Radiolabeled ST{D)4 (0.06 pmol) was incubated with SlOO extract (5 ^g) from mating cclls in the 
presence of a 30-foW molar excess of different competitors. The competitor used is indicated above each lane. (B) The sequences and arrangements of the competitors 
used in the experiment shown in panel A are listed. One microgram of unlabeled poly[d(I-C)] as a nonspecific competitor was present in all experiments. 
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FIG. 6. TEP has higher affinity for DNA than for RNA substrates. (A) Radiolabeled ST(D)4 (lane I) or ST(S)R (lanes 2 to 5) was used as the probe in EMRA 
in the presence and absence of 6 (ig of SlOO extract from starved cells. A 50-fold molar excc.ss of nonspecific RNA competitor transcribed from pBluescript SK II (see 
Materials and Methods) was present in all reactions. Lanes I to 3, no DNA competitors; lanes 4 and S. specific and nonspecific DNA competitors at a 30-fold molar 
excess. The DNA-TEP complex is indicated by an arrow. (B) Radiolabeled ST(D)4 was incubated with 5 pig of SIOO protein from mating cells in the presence or absence 
of different competitors. Lane 1, no competitor: lanes 2 and 3, 10- and 50-fold molar excesses of unlabeled ST(D)4: lanes 4 and 5.50- and lOd-fold molar excesses of 
unlabeled NS(D): lanes 6 and 7.50- and 150-fold molar excesses of unlabeled (UUGGGGjj. The DNA-TEP complex is aligned with the DNA-TEP complex in panel 
A. One microgram of unlabeled poly[d(I-C)] as a nonspecific competitor was present in all experiments. 
Table 1) was used to compete with radiolabeled ST(D)4 for 
TEP binding, a 50-foid and a 150-fold molar excess of (1^204)4 
caused only 40 and 62% reduction in TEP binding to ST(D)4, 
whereas a 10-fold molar excess of ST(D)4 abolished 90% of 
the DNA-TEP complexes under the same conditions (Fig. 6B). 
Thus, the RNA analog of the G-strand telomeric sequence has 
a much lower afRnity for TEP than the DNA duplex/overhang 
structure. 
TEP activity varies as a function of cell growth and devel­
opment. To investigate the possibility that TEP activity varies 
as a function of cell growth and/or development, protein ex­
tracts were made from mid-log-phase cells, stationary-phase 
cells, starved cells, and mating cells. TEP was detected in every 
case, although the relative activity levels differed (Fig. 7). The 
activity was highest in starved cell extracts and stationary-phase 
cell extracts and lower in mid-log-phase cell extracts and mat-
ing-cell extracts. This trend was reproducible, although the 
absolute activity levels varied in different trials. In an attempt 
to ensure that most of the TEP was released from the cellular 
DNA during extract preparation, and thus available for extrac­
tion, the salt concentration was adjusted to 300 mM before the 
cells were lysed in a control experiment. No significant change 
in the amount of TEP in SlOO extracts was detected in binding 
assays (data not shown). 
TEP has a copy number of at least 2 x lO"* per cell and a 
molecular mass of approximately 65 kDa. The abundance of 
TEP in Tetrahymena cells was estimated by quantitation of 
EMRA gels like the one shown in Fig. 1 (see Materials and Meth­
ods); on the basis of the calculation, there are at lea.st 2 x Iff* 
TEP molecules per mating cell. This value roughly corresponds 
to the number of telomeres per cell in T. thennophila (~4 x 
lO-"). 
The molecular mass of TEP was estimated by UV cross-
linking experiments both in solution and in situ (see Materials 
and Methods). UV cross-linking in solution gave rise to only 
one prominent protein that was specifically UV cross-linked to 
ST(D)4 (Fig. 8, lanes 1 to 4). An ST(D)4-proiein complex of 
similar gel migration rate was also evident by UV cross-linking 
in situ (data not shown). No specific DNA-protein complex was 
observed when NS(D) or ST(S)4 was used as the probe (Fig. 8, 
lanes 5 to 14). This result is perfectly consistent with those 
obtained from EMRAs (e.g.. Fig. 4), strongly suggesting that 
TEP is responsible for the specific DNA-protein complex in 
lanes 2 and 4 of Fig. 8. Prestained protein size markers run on 
the same gel were used to estimate the approximate molecular 
mass of TEP. Previous work has shown that under the condi­
tions used, protein-DNA complexes usually migrate with the 
same electrophoretic mobility as the protein alone (44), al­
though this is not always true (23). The apparent molecular 
mass of TEP is —65 kDa. 
DISCUSSION 
Identification and characterization of telomere-binding pro­
teins from a wide variety of eukaryotes will facilitate our un­
derstanding of how telomeres function. In this paper, we re-









Mating Cells Starved Cells Log Phase Cells Stat. Phase Cells 
ST(D)HS(D) 
lOX 3OX 
2 3 4 5 
ST(D)HS(D) ST(D)HS(D) STtD)HS{D) 
lOX 30X lOX 30X lOX 30X 
6 7 8 9 10 11 12 13 14 15 16 M 
a&ije 
FIG. 7. Levels of TEP vaiy with different growth stages and conditions. SlOO abstracts (8 |ig) prepared from different stages of cell growth and development were 
tested for TEP activity. Lanes 1 to 4. mating cells; lanes S to 8, starved cells: lanes 9 to 12, logarithmic-phase cells; lanes 13 to 16. stationary-phase cells. Radiolabeled 
ST(D)4 (0.06 pmol) was used as probe in all binding assays, with unlabeled ST(D)4 (lanes 3,7. U, and 15) or unlabeled NS(D) (lanes 4.8,12. and 16) as the competitor. 
No specific competitor was used in lanes I. 2, 3, 6, 9. 10, 13. and 14. The molar excesses of competitors are indicated above the lanes. One microgram of unlabeled 
poIy(d(I-C)] as a nonspecific competitor was present in all experiments. 
port the identification of a relatively salt-sensitive protein from 
T. thermophila which specifically binds to the (TTGGGG)2) 
sequence present in the 3' overhang of synthetic telomeres. 
This protein, TEP, binds to synthetic telomeres having two 
repeats of the Tetrahymena G-strand telomeric sequence as 
long as this sequence is adjacent to duplex DNA. However, 
TEP does not exhibit a strong requirement for a telomere 
sequence in the duplex region. This is consistent with TEP 
being an end-binding factor, with other proteins being respon­
sible for binding to the exclusively duplex region. TEP showed 
roughly equal binding affinity to all possible permutations of 
the Tetrahymena G-strand sequence. This could be due to 
insensitivity to subtle differences in our assay or reflect the 
presence of ragged ends at natural telomeres in T. thermophila. 
Finally, it is curious that TEP binding is decreased only about 
threefold upon changing the Tetrahymena sequence to that 
found in human and other telomeres (TTAGGG), suggesting 
that the A residue in the altered sequence is not critical for 
complex formation. Thus, TEP is a good candidate for a telo­
mere end-binding protein analogous to those characterized in 
other eukaryotes (11, 15, 16, 33, 35, 42) but with somewhat 
relaxed sequence and structural requirements for its substrate. 
Unusual DNA structures stabilized by G tetrads are formed 
by many telomeric G-strand repeat sequences and other G-rich 
sequences. This form of DNA, G-DNA, was originally charac­
terized with guanine derivatives (1,19) and later characterized 
in telomeric G-strand sequences (21. 38-40, 45,46). G-DNA's 
role at telomeres or elsewhere in the chromosome remains 
unclear. Nonetheless, several proteins have been identified in 
various organisms, including T. thermophila, that specifically 
bind to G-quartet DNA, suggesting that it does have a physi­
ological role (6, 12, 13, 26, 37, 43). Recently, the p subunit of 
the telomere end-binding protein from O. nova and RAPl in S. 
cerevisiae have been shown to facilitate G-DNA formation in 
vitro (13,14). In contrast to these proteins, TEP does not bind 
to G-DNA. 
Unlike other telomere end-binding proteins, TEP binding is 
sensitive to salt concentration. The salt-resistant nature of te-
lomere-binding proteins in other ciliates facilitated their iden­
tification and purification (5, 15, 33, 35). As more is learned 
about TEP, it will be of interest to determine what differences 
between its mode of binding and that of its putative homologs 
in other species give rise to its salt-sensitive characteristic. 
Several vertebrate DNA-binding factors with affinity for sin­
gle-stranded telomeric TTAGGG repeats were recently iden­
tified in nuclear extracts of murine and HeLa cells (24,29,30). 
Subsequently these factors were shown to be components of 
heterogeneous nuclear ribonucleoproteins. These factors bind 
more tightly to single-stranded RNA oligonucleotides having 
r(UUAGGG) repeats than to DNA of the same sequence. We 
tested the RNA version of the DNA G-strand sequence used in 
this study and found binding to be greatly reduced. Additional 
studies using (UUGGGG)4 as a binding substrate corrobo­
rated this observation. Therefore, telomeric DNA, rather than 
RNA containing telomeric sequences, is likely to be the natural 
binding substrate of TEP. 
TEP was detected in cells grown under a variety of physio­
logical conditions including log phase, stationary phase, star-
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FIG. 8. U V cross-linking indicates a molccular mass for TEP of —65 kDa. Radiolabeled ST(D)4 (lanes 1 to 4). NS(D) (lanes 5 to 8). or ST(S)4 (lanes 9 to 14) was 
incubated alone (lanes 1.5. and 9) or allowed to bind TEP (6 p.g of SlOO extract from starved cells in lanes 2 to 4. 6 to 8. and 10 to 14) in the presence and abscnce 
of a 30-fold molar excess of various t)'pes of oligonucleotide competitors as indicated above the lanes. The reaction mixture.s were irradiated with UV light and separated 
by SDS-PAGE. Protein size markers are indicated at the left in kiiodaltons. The specific DNA-TEP complex revealed by SDS-PAGE is marked by an arrow. One 
microgram of unlabeled poly|d(I-C)l as a nonspecific competitor was present in all experiments. 
vation, and conjugation. It was somewhat surprising that 
starved cells and stationary-phase cells had the highest levels of 
TEP since it might be predicted that TEP would be up-regu­
lated following mating or during log-phase growth, when new 
telomeres are being generated at a rapid rate. A possible ex­
planation for this observation is that the proportion of TEP in 
starved ceil and stationaiy-phase cell extracts is higher because 
of a reduction in the concentration of other cellular proteins. 
Therefore, at a given total protein concentration in starved or 
stationary-phase cell extracts, the TEP activity would appear to 
be elevated relative to that in nonstarved and log-phase cells. 
Additional studies will be necessary to understand the regula­
tion of TEP expression during cell growth and development in 
T. thermophila. 
Purification and further characterization of TEP should pro­
vide insight into the mechanism by which telomeres function. 
Moreover, since telomerase, the enzyme responsible for telo­
mere replication and maintenance, has been best characterized 
in T. thermophila, the interplay of this fascinating en^me with 
other telomere-binding factors can be further investigated in 
this well-studied system. 
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